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PREFACE

The Second Hero Congress w:s attended by 393 people frou 64 govern=
ment agencies and 120 industrial organizations. Tne Congress was sponsored
by the U. S, Naval Weapons Laboratory, Dahlgren, Virginia for the U, S, Bureau
of Naval Weapons. It was the purpose of this Congress %o bring together for
mutusl benefit the various people working with, or interested in, the hazards
of radio frequency electromagnetic radiation to ordnance systems and com-
penents,

The suczess of the Congress was due in large measure to the authors
and to the chairmen of the several sessions who kept matters going smoothly
and on schedules, Not to be forgotten are those who, in a less conspicuous
role, increased the value of formal presentations by participating in dis-
cussions, Their comments together with the formal papers are recorded in these
Proceedings, We hope that our editorial condensation has left the mesning of
the discussions intact,

Forty papers were presented-uo-the-aseembiaf®vand 12 additional

papers are included s lthough shortage of time prevented
verbal presentations,

s

Please note that‘gpe,Proceedings are issued this time under two
covers, this heing the genersl volume, Ten classified pepers are contained
in the supplement,

For addit{onal copies of these Procesdings, the request should be
sent to the Defense (locumentation Center, Arlington Hall Station, Arlington
1<, Virginla, Copiey of the Proceedings of the first HERC Congress may also
be obtained from DDC\AD 326 263).

It would not be practical to list individually all those staff
membe:rs of The Franklin Institute who contributed to organlzing ard arrang=
ing tne Congreuss, Mr, E, E, Hannum, Manager of The Applied Physics Laberatory,
served as general manager, Sharing the responsibility for the techniecal
progrem and arrangement details were Paul F, Mohrbach and Gunther Cohrn,
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ABSTRACTS = SESSION I

Welcome Jd. G. R. Heckscher
Introduction of Keynote Spesker Capt. R. F. Sellars
1. Keynote Address (U) P. Adm. Kleter S. Masterson
2. The Nayy HERO Program C. M. Cormack, Jr.

This paper describes significant changes and accomplishments of the BuWeps
HERO Program since the first HERO Congress in 1961, The basic policy documentis
are cited and a brief explaration of their application is included.

3. AFSWC Approach to the EMR Hazard Problem 2/Lt. Raymond J. Hengel

The AFSWC i3 g late entry into the study of EMR problems. Thus, a great
deal of data is available for use in making a prelimirary evaluation. Full
uge of data and corollary situations are used in making an EMR determination
of a new system to cut to a minimum the actual test requirements.

L. The Army's Nuclear Mupitions FF Vilnerability Program (U) G. M. Rosenberg

The vulnerability program has advanced greatly since the last HERO Congress.
Consideration is given to the various stages of assembly of munitions of
which EED's are components, and also the probable worst RF environments

to which the stages are subjected., New facilities, well organized, have
been put into operation. A Radio Frequency Resdiation Effects (crmittee,
established within Army Materiel Cormmand, aids in information-exchange

and in planning.

5. Ihe Achilles' Hoel of Modern Weapons (U) Film

Missile failures may be due to the reaction of slectromagnetic radiation on
electroexplosive devices, Research carried on and sponsored by Picatinny
Arsenal offers one solution to the problem in the form of solid state
attenuators. Having the capability of broad band RF protection, the attenuators
replace insulator plugs in electric initiators.
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Welcoming Remarks

Jo. G. Richard Heckscler

Executive Vice President, The Franklin Institute

On behalf of Dr, LePage, President, I extend to all of you a
cordial welcome to The Franklin Institute. It is a source of considerable
satisfaction to us that, under the sponsorship of the Naval Weapons
laboratory, you have selected this institution for the HERO Congress,
We are honored that s> many of you have traveled irom every section of
the United States, from Canada, from Australia, from the United Kingder,
and from other parts of the world to attend these proceedings in Phila-
delphia,

Let me in a few words tell you what is going on right arcund
you in The Franklin Institute., In this bullding is the Franklin Memorial
and the great Science Museumj adjacent to the lobby is the most up-to=-date
Planetarium in the world; un the second floor an unusually fine Library
specializing in the physical sciences at ‘hu graduate lsvel; on the ground
floor a fully equipped Univac data centsr; on the third floor the editorial
offices of the Jowrnal of The Franklin Institute, published continuously
for 137 years. I extend you a cordial invitation to visit any of these
vhercver you wish.

In this building and in several locations in the immediate
neighborhood is The Franklin Institute Laboratories for Research and
Development, host to the Second HERO Congress, Growing from Ordnar ..
work done by the Institute during World War IT, The Franklin Institute
Laboratories wore establishud in 1946 to scrve industry and govecrment
in a rapidly developing technological era. With a staff of more than 330
top caliber professionals, the Laboratories continues the Institute's
proud traditicn established nearly 150 years ago; here was conducted the
first U, S. Govermment—sponscred research contract in 1832, Today, under
the direction of Francis L. Jackson, comprehensive scientific and engineering
services are provided in many areas: solid state physics, chemiotry, nuclear
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engineering, applied mechanics, instrumentation and controls, data processing,
communication, power equipment, operaticns research and, of course, the

very special problem area which brings you together this morning. Our
Applied Physics Laboratory is one of the most active in studies of hazards

of electromagnetic radiation to ordnance,

Over 100,000 square feet of floor space house is complex of
research activities, Next year will see a new laboratories building rise
across the street with 150,000 square feet to accommodate our expanding
activities here in one of the most accessible lccations in Philadelphia,
and with all-weather access to the excellent library and computing facilities
in this building. But the principal asset of & research orgarization is
its staff, and in this The Franklin Institute Laboratories is unusvally
well endowed. Laboratories! scientists enjoy stature both as individual
investigators and as members of interdisciplinary project teams. This
is exemplified in the team that is participating with ycu in an effort
to solve the problems connected with the hazards of electromagnetic radiation.

Another activity of The Frankiin Institute is the Bartol Foundaticn,
& leader in cosmic radiation, and low energy nuclear physics research,
located on the campus of Swarthmore College in suburban Philadelphia.

You will find it well worth your time to visit some of these
research activities, for I feel certain that we have here kindred spirits
who are probing scme of the same arsas as each of you.

We hope you enjoy your visit, and that you will return soon
and oftens Toward this end we have tried to plan for your comfort and
convenience, as well as for {ree exchange of technical information. If
we have overlooked scmething, please bring it to our attention, Gunther Cohn
of our Applied Physics Laboratory is on hand for this purpose, The
Franklin Institute staff members are wearing white badges so you may spot
them easily if you need their help.

Again, we bid you welcome and wish you & pleasant and rewarding
mﬂetin‘o
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Introduction of Keynote Speaker
Capt. R. F. Sellars, USN
Comnander, U. S. Naval Weapons Laboratory

I am very hLappy to be here and to see so many people concerned
with the HERO problem. As you know, The U. S. Naval Weapons Laboratcry
has been assigned the direction of the HERO project and I think that
we are succeeding well in coordinating the research efforts. Howsver,

T will be the first to admit that we den't as yet know all there is to
know about electromagnetic radiation and particularly we don't knw the
effscts of outer space environment but we are wurking hard on the
proolem.

To keep pace with the ever increasing problems, we have to
speed our work considerably. We hope to obtain two additional ground
planes, more RF anechoic rcoms, and more laboratories located either
at our facility or at the Naval Air Test Center in Patuxent. This
increase will protably start next year. We now have g staff of about
a hundred at Dahlgren working on the HERO program. This effort ls
complemented at other organizations such as NOTS, NASA, BuWeps itaelf,
the other Armed Services, The Franklin Institute, and many of you in
Industry. In this connection, I might also mention the contribution
of the British Roysl Air Force in the person of Wing Cmdr. Gray, stationed
at Dahlgren, who has given substantial sssistance to our efforts.

The U. 5. Naval Weapons Labcratory has been concerned with
HERO for a number of years, but it was not until about a year ago that
our influence in this area became markedly significant. The operating
forces are, of course, the ones most vitally concerned with the solution
to this problem. The areas of safety, possible dudding, and radio
frequency compatibility have assumed such proportions that our Naval
fighting fornes have been handicapped in the performance of their
mission. I am sure that you are fairly familiar with these problems.
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If not, you certainly will be by the time this Congress is completed.
Exchange of ideas is the purpose of this Congress. If we can maintain
adegquate communications with each other, I'm sure wa'll make great
strides in finding the necessary I‘ixes.

Our keynote speaker today 1s a Naval Officer and s gentleman
whose friendship I have valued cver the many years I have known him.
He is most familiar with the HERO problems, hs is a wicsile expert, and
Lie has contributed in the fleld of ordrance. As a foundation for his
qualifications in technical management, he has served in aircraft
carriers, destroyers, and battleships; and after receiving a valuatle
post-graduate degree in ordnance, he served his apprenticeship in the
former Bureau of Ordrance. With thess years of experience behind him,
he enjoyed such tours as Destroyer Division Commander, Deep Draft
Command during the Korean War, Commanding Officer «f the USS Boston,
our second guided missile firing ship, and after becoming Admiral,

Commander of Crulser Divisicn ONE. Then, with further experience gained

at the Naval War College, in the Armed Forces Special Weapons Project,
and in the Office of Naval Operations on shore duty, he was a most
appropriate choice for the Chief of the Bureau of Naval Weapons.

It is my great pleasure to introduce to you as our keynote
speaker today Rear Admiral Kleber S. Macterson, U. S. Navy, Chief of
the Buresu of Naval Weapons.

Xeynote Address is in Supplement, Section 1.

0=
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2. THE NAVY HERO PROGRAM

by
Charles M. Courmack, Jr.
U.3. Bureau of Naval Weapons
The first HERO Congress served to point up the growing

importance of the zervice generated electromagnetic environment and the
need for its consideration in the design of modern weapons. The Bureau
of Naval Weapons, having recognized the potentlal problems which can be
generated by this environment, provided for a significant effort in roth
dollars and man-power to determine its effect on all in-service weapons
and to devise means for minimizing these effects.

A large backlog of testing developed when it was established
that all in-service weapons and related equipments utilizing EFFD's te
certified for use in the service generated EMR fields. To expedite the
effort testing was placed on a three shift schedule. While this was
successful to an extent the diffieculties of testing at night, particularly
out of doors and in the winter months, clearly indicsted that a better
approach was needed. The addltional facilities mentioned by the Keynote
Speaker were conceived for this purpose and essentially consist of
laboratory spaces including shielded rooms and two additional ground
plane test facilities. Completion of these facilitles is anticipated
in the late fall of 1963, Transmitting cquipment is being obtained and
mounted in trailers for transfer from one facility to another as needed.

The new test facilities will expedite the test program in
several ways, first, the present capacity will be tripled, second, one
of the new facilities will be located at an air station where high
performance Jet aircraft will be readiiy available. The present need
for these eircraflt can only be met by barging them to and from the test
facility. Cccasicnally an aircrait is "stricken" or removed from service
for any of a number of reasons, and it has been possible to obtain
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permanent custody of it for use in HERO tests. Unfortunately for the
HERO program this occurs all too seldom, for to date the HERO "Air Force"
consists of only four aircraft; an A43 (ALD), F-8 (F4D), A-1 (AD4) and
EAIE (AD5W). Three of these are operational type aircraft at the
present time, however, one 1s phasing out, and another is an early
warning aireraft with no armament capability, The latter is used as

a signal gererastor since it contains high powered radar equipment.

In addition to the above aircraft eight different types have
beer. employed in testing various weapons; F8(F8U), A2A (A3D), 32 (SZF),
SH3LH (HSS=1), F3B (F3H), UH2A (Hu2K), E2A (W2F), and E1B (WF2). Three
of these aircraft (underlined) required barging and of these three two
have reguired second or third test periods.

Although the majority of our test effort is directed towards
air launched weapon systems we have many surface launched weapons and
their complex mobile launching platforms, namely the cruisers and
destroyers, HERO tests have been conducted on at least one ship of each
of the major types such as Destroyers (UD's), Escort Vessels (DE's),
Guided Missile Destroyers (DDG's), Frigates (DL's), Guided Missile
Frigates (DLG's), Guided Missile Heavy Cruisers (CAG's), Guided Missile
Cruisers (CG), Cuided Missile Light Cruisers (CLG). Within these types
are a nutber of classes involving different weapon systems and electronic
equipments. As technology advances and as systems dictate, weapons
are improved; new versions are introduced into bhipa and the fire control
and search radars replaced with more efficient and higher powered models.
Communications equipment and their antennas are alsoc being improved ard
antennas relocated aboard ship for more efflicisnt use, hence the re-
quirement for reevaluating a system which has be.n previously tested.
(The Bureau policy regarding requirements for the testing of weapon
systems is described in BuWeps Instructinn 5101.2A of April 1962; see
attachment),

2=2
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When an in-service weapon is tested and found to be susceptible
to EMR, cperatioral restrictions are issued to the Fleet and the
development of a fix is undertaken. While the "fix" is being developed
rf tests are conducted to determine its s=ffects on sadjacent circuits and
components. This is necessary because any of several mechanisms may be
involved in the coupling of rf energy into a weapon and most often more
than one EED is utilized in a weapon.

Fo. all new weapons the designer must make certain that premature
actuation of any EEC will result only in a reliability type failure and
further that adequate precautions are taken to minimige the probability
of this occurrence.

Naval Weapons Resquirement, WR-27, a "Design Guide to Preclude
the Hazards from Environn-ntal Electromagnetic Fields" has been issued
with the above objectives in mind. This document is our first approach
to provide information and techniques for minimizing the effects of rf
on weapons containing EED's but can only be used effectively if it is
taken into consideration early enough inthe design phase of a weapon.

A Handbork is under prepsration which will describe in detail
such techniques as proper rf shield termination, the advantages and
trade-offs of some ri ingensitive devices and methods for their employment
in advanced weapon cesigns.

Thy general terms "service generated EMR fields" or "Shipboard
Electromagnetic Radiation Epvironment' used above defies a simple
definition since the equipments which generate this environment vary
from ship to ship within a given class and beyond this from ship type to
ship type depending on mission, armament, etc.
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T+ should be recognized that the Navy must be quite flexible
in the use of radio freguencies. Figure (1) shows the frequency bands
to which the Navy has access. Thls frequency spectrum is required to
provids for any changes in a ships mission and any changes in & shigs
electronic suit. Therefore we must be prepared <o encounter any
frequency within tkis spectrum on any ship. Along with ths changes in
frequency assignnents our weapons must also bs prepared to accept .Limits
in field strengths which are rspressntative of the pressnt state-of'-the-
art for transmitters. Considsring these facts along with the confining
dimensions of a ship's deck it should bs apparent that the Navy HERO
problem is quite complex and sevsre. For emphasis I would like to point
out that our largest ships deck is smaller than ths avsrags single
airfield landing strip.

The values in Figure (2) were predicted from a study of ths
maximum £isld intensitiss anticipated is a given frequency band.

Whils Figurss (1) and (2) indicats ths magnitude of ths rf
fields one can anticipate aboard ship they do not correlats this data
with weapon suscsptibllity data. Ws define a potsntially hasardous field
intensity to ordnance as an r{ field which excseds the values shown in
Figures (3) and (L). These values apply primarily to disassemblsd
slsct>ically initisted ordnancs, sxposure of internal wires, testing
involving sdditicnal electrical connections to weapons, handling bare
squibs, primers, blasting ceps or othsr EED's having lcad wires.

Similarly Figures (5) and (6) show numerical dsfinitions of
ths rf fields considered hasardous o fully assemblsd weapons.
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The need for more effort on the theoretical aspects of the
HERO problem has long been recognized but, as stated above, we have
been faced with the urgent requirement of proving out weapons in their
anticipated shipboard EMR environments and providing interim gulde lines
for Fleet Operation., However, some studies have been initiated, and
much useful information has been obtalned in the aress of predicting
the EMR onvironment adjacent to deck edge sntennas, determining aircraft
armanent clrcuita response in high intensity EMR fields and the coupling
of rf energy into weapon circuits. The latter has been the most difficult
area because of the numerous system variables encountercd :in handling
weavons aboard ship and the statistical probabilities involved ir both
EED sensitivity and EMR environmsnt.

A significant effort has also been dirested towards the
development of "generic fixes", (items or techniques which will be
generally applicable in reducing the effects of EMR on ordnance).

Another phase of the HERO Program involves a study of the
effects of the rapldly changing slectromagnetic fieids encountered by
weapons ard associated equipment in ships during deperming operations.
Theaze operations cccur after and occasionally between each yard period
depending on the permanent magnetism built up in the ship. This "Perm”
is measured on a degaussing range and vhen it exceeds a given level the
deperming nperation is required. This operation consists of creating
a riant solenoid by wrapping the entire ship in a coil of wire then
applying apsroximately 3000 amperes dc to this coil for short periods
of time. Tie polarity of the current is reverssd during successive
applications. This results in removing or sctisfactorily reducing the
permanent longitudiral and athwartship magretization.




A requirement to off loed electrically initlated ordnance
prior to deperming was established because of anticipated hazards from
the deperming fields.

The magnitude of the fields and the rates of change of these
fields during deperming "shots" have been measured on several types of
ships and at various locations such as missile ready service magazines
and chockout areas, inside above deck launchers, etc.

Fields of similar or greater magnitudes have been generated in
a laborstory facility with instrumented weapons and the effects measured.

To date none of the weapons tested revealed any deleterious
effects due to deperming and they have been removed from the list of
weapons requiring off loading., This is gratifying since the impact has
been to remove existing restrictions at a considerable saving in labor
costs and time,

The overall level of effort cf the HERO Program has doubled
since the first HERO Congress and, in addition to the inshouse effort
contracts have been issued to various research ard development
establishments.
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(4) Major modificetion of EXD's or sxplosive cireuitry ia

t ]
(») Miition of new weapon sysbems
existing weepons .
c.
s will .

(c) Major modifiestion of existing veepoms

BUNEND OF NAVAL WRAFONS

Y in use,

{2) Ins:runented HERO tests are required on all new weapons end

devices during their develomment, snd as

b. We goophihiti 11
(1) Instrumented HERO tests as described below are required on

all weopons and devic:s

y on pr

(1) BR Division. As coomdinator of the HEND program the

Enginsering Branch (IJEN) of the Resesrch and Enginesring Division is

responsible for the following:

03 design,
» 5 23
Establishment, specifically by Divisiom:

, and shall be made prior to tests of
ab ship or ¢ t
1s prior sh 1 D

{3) Instrumented HERO tests as described below sre required oo
each new £33 4
explosive~ly [

3
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3. THE AFSWC APPROACH TO THE EMR MAZARD PROBLEM

Lt Raymond J. Hengel
AFSWC, Kirtland AFB, Albuquerque, N.M.

Since AFSWC is a iate entry into the study of EMR probiems, a great
deal of data Is available for making a preiiminary survey. Full use is
made of existing data and coroliary situations in making an EMR evaiuation
of a new system, in order to minimize the actuai test requirements. We
presentiy have no faciiity and must therefore draw on other egencies,
such as NWL for some tast support, to run compiete tests. However, we
have conducted tests associated with the on-board radiators for the
8-52 and B-58,

One technigue for anaiyzing the EMR hazard problem of an existing
location is to use a iayout of the area of interest, listing of essocisted
weapons, and a knowiedge of the power, frequency and antenna characteristics
and location of the radiating equipment. When aircreft are involved,
knowiedge of the un=board RF equipment, to inciude: frequency, power,
mode of operation and anienna detaiis, such as type, location and gain,
is used in making the analysis. This information is then eppiied to the
weapons in their various configurations. From this we determine if:

A. No hezard exists

8. The expected leveis fall in a region where the expecteu response is
uncertain,

C. A hazard is a iikeiihood,
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The action to A, is obvious. Based on the particular situation associated
with B &€ C, you can either establish restrictions on use of the

offending zquipment, or conduct tests to answer the uncertainties.

A report that has been of considerabie use to us is "EMR
Environmentai Measurement Requirements for Nuclear Weapons''. This

is the resuit of a study conducted under the auspices of the 'Ad Hoc

Group on Weapon Susceptlbiiity to EMR', We have repeatediy used the

"upper iimit' values of eiectromagnetic fieid for safe assembly and

dis-assembly operations as our conservative estimate to evaiuate a

given situation, (Fig. 1) In many cases, even assuming the worst
possibie conditions, the fieid strength vaiues fali well below even this
conservative curve, which is based on matched dipole conditlons connected
to unprotected squibs. This has proved most valuabie, however, this
approach cannot be either the finai or most accurate method of
determining EMR hazards. This is an extremely conservative criteria,

and if these leveis couid not be met, we have to request that the
environmentai conditions be better defined. Where no directiy related
data is available, as in the case of the MK=4 FV, and exposure was a

test
reaiity we estabiished/requirements, which, in this instance, were run

for us by NiL,
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As an exampie of a situation involving an external environment,
the Sandia Corporation assisted us in conducting an anaiysis of the
EMR hazard at two overseas locations, Aii of the RF data from the
sites was compared with the RF fieid levels that are considered 'non
damaging ievels'' for performing bomb assembiy, dls-assembiy and test
operations, as weii as loading and unioading. in aii cases the
existing RF field never excesdad the allowable ievei. Since aii
frequencies were found tc be non=damaging by thls 'worst condition"
method, it was reasonsbie to assume that no hazard existed, and the
situation could be certified without the necessity of conducting
tests.

All on=base RF equlpment having a power of 50 watts or greater
were consldered as belng a potential hazard. The locations where
fieid strengths were calculated were selected to be points in the
loading, storage and transportation routss where the highest fieid
strength wouid iikely be experienced. Certaln assumptions were made
as follows:

(1) For communication systems, antennas were assumed to be of
the half-wave dipoie type, verticaliy orlented.

(2) The gain used was assumed to be with reforence to an
isotropic radietor.

(3) Existing structures between the RF emitters and the weapon
storage or loading areas were assumed to not shadow or reduce the

fieid strength at eii.
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(4) The far zone of the radiated fieid was assumed to begin
one wave length from the antenna.

(5) Since the thermal time constants of the weapon's EED's are
considerably ionger than radar pulses, the average radiated power from
radars is used.

(6) For positions having more than one transmitter, (i.e. control
towers) that can radiate simultaneously, the combined power outgut of all
transmitters operating simultaneously is used in calculating the effective
field strength. “e realize this is a highly improbable situation, but
yet this is the worst possible conditiun that could occur.

(7) The calculated fiela strengths are compared to non-damagling

levels for EED's, having 100% no fire current of 100 ma,

The resultant calculated field strengths were plotted on the curve
of field strength limits during assembly - dis-assembly of weapon systems,
and it was found that aii fell well below the allowable values, as &
function of frequency.

The previous example was one entirely concerned with the external
environment. Ve also have situations involving the on=board RF equipment.
The RF=101 aircraft and 1*s associated armament s an example of this
situation.

In response to a query concerning the adequacy of safety in the RF=10l
system, AFSWC requested identification to include power, frequencles,

antenna type and locatlon for all RF sources of the RF=101 system.
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The following list was furnished:

(a) RT=263/ARC~34 frequency range is 225.0 to 399.9 MC, one blade
antenna on split vertlical camera door and one fln cap on the tall
section, J to 20 watts output,

(b) RT-220/ARN-21 range 962 to 1213 MC, blade antenna center
fuselage door 106, 2.5 KW output.

{c) RT=279/APX=25 rangs 1030 to 1090 MC, blade antenna nose
section door {02L and R, 60 watts maximum output.

(d) RT-i60/APN-22 frequency 400 MC, ii5 volts, AC and 28 volts OC,
flush mounted antenna nose section door i0i, 1.5 watts output,

(e) RT=395/APN-{02 8800 MC, fiush mounted antenna forward fuseiage
peak 500 watts average, 10 watts output.

Based on this Information, In the manner detalled sariier, we were
abie to state that there should be no weapon EMR hazard associated with
the listed on~board equipment, even If the equipment should be operated
during the loading process. This is readily apparent, using our previous
curve, (Fig. #1) as the high powsred transmitters are all in the 1000 MC
range, high on the curve and the iower frequency transmitters, in the
susceptibie reglon, are iow power,

In many instances, sufflicient data has cesn gathered so that we
can draw correlations between systems, However, there are certaln
pracautions that must be taken. For exampie, we must make sure that we

are correiating between simiiar systems: e.g. fighter systems and thelr




on-board equipment cannot be used in determining hazardous conditions
invoiving bomber systems with entirely different on<board equipment and
locations. It is weii estabiished that the particular geometry of a
system is important.

Thus, in the two cases cited, ooth for on-board equipment and for
externai environment, without performing any tests, but using oniy readiiy
available data, determinations of the EMR hazard probiems were made., It
was estabiished, in both cases cited, that no hazard existed, therefore,
saving the time and expense of running tests, We do not mean to imply
that tests are not meaningfui, but this method as a preiiminary evaluation
can determine if they sre necessary.

Ve pian to have st the Air Force Wespons Laboratory an EMR mobile
faciiity designed to be used to evaiuate the effect of EMR environments
on componhents, sub-systems and compiete systems in use or pianned for use
by the USAF, This wlii be used either when our method of preliminary anaiysis
determines that testing is necessary, or when no directly related data is

avaiiabie,
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ABSTRACTS - SESSION II

6. Variables Involved ipn HERO Testing L. J. Lysher

The amount of energy transferred from a transmitting antenna to an electro-
explosive device in a weapon is dependent upon many variables. This paper
discusses some of the known variables that must be considered in evaluating
the electromagnetic radiation susceptability of a weapon. The varisbles are
considered to exist in three major areas; weapon configuration, environment
and handling operations. .

7. BE Susceptibility Tests of Type 19 Spotting Device (U) Richard J. Aaron

Tests were conducted to determine the RF susceptibility of the Type 19
Spotting Device to dudding and/or initiation under field conditions. The
sensitivity of the detonator used in this device to RF and DC was determined
in the labcratory while instrumented devices capable of detecting the relative
temperature of the bridgewire were constructed. These were subjected to
various RF environments after assembly to the missile. Test rssults are given.

8. mmmgﬁmummmwum Theodore Warshall
System Badars (U

Laboratory and field tests are described which were conducted to determine
if the Mé Electric Blasting Cap is vulnerable to the radars of a missile system.
The results of the tests ars summarised.

9. mmmwmmx_mmm Richard G. Sats
Weapon Syatems (U

A theoretical analysis of typical missile antenna coifigurstions will be
discussed with respect to: antenna characteristics, sxtracted power, skin
effect, loads,etc., including formulas, definitions of terms, references and
assumptions. An RF safety probability analysis of warheads will be discussed.
Philoeophy of these analyses will be discusmed with respect to usefulness,
present and future, in evaluating the susceptibility of a weapon to EMR,

10. Missile with Attached Usbilical Cable as a Roceiving Charles W, Harrison, Jr.

In this paper principles of antenna analysis are applied to estimate the
magnitude of undasired radio=-frequency current along the skin of a rocket on
the laurching pad, with umbilical cable attiched, dus to a plane wave incident
field. In ths ready state, such systems are only partially shielded from the
electromagnetic field environment, and form effective receiving antennas.
Radio-frequency energy may be fed to sensitive electroexplosive initiating
devices, resulting in spurious operation, or malfunctioning.
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11, Radjo~Frequency Leakage Into Missiles Charles W, Harrison, Jr.

Summary: This paper treats the idealized problem of RF energy leakage through
a slot in an infinite cylinder as a perturbation on the scattering problem for
the same object with no slot. It is shown that interior response depends on
three factors: the sxterior skin current density from the scattering problem,
the transmitting admittance of the slot, and an eigenfunction cxpansion of the
interior field when unit voltage is impressed across the slot, It is then
proposed that the form of this solution may be applicable and conceptually
useful in treating other problems either theoretically or eapirimentally.

With the assumption that the bridgewire, thermocouple and recording
instrument behave as successively-coupled, linesr systems, their response to
short pulses of energy into the bridgewire was determined. This model and
its verification make possible the calibration of instrumented devices to
recover pulse energies and/or bridgewire temperatures from the output of the
recorder.

14. Hethods of Measuring FF Power at a Given Point ina  Norman P. Faunce,
High Loss Svaten FeaIyECRkonrbac

George H. McKay
Robert W. Wood

When losses in an RF transmission line are high, and especially when impedancer

are widely mismatched, it is difficult to determine power at & particular point.

Three methods are outlined, to do this. (A) Voltage-Impedance: KF voltage

and complex impedance are determined at the desired pointj from these, power

can be computed. (B) Differential Power: Directional couplers are used in

measuring power toward and sway from the load; the difference is the net power

transmitted. (C) Voltage Max=Min: Standing voltage waves are measured; knowing

load resistance, pcwer can be computed.

15. Deterwipation of Besponse of RF Insensitive Devices  Normun . Faunce,

Paul F. Mohrbach

George H. McKay,

Robert W. Wood
Usually, each class of RF "fix" requires a new testing procedure, and new
evaluation techniques. This paper discusses sume of the special problems.
Ons problem, in particular, is the determination of true attenuation, by
cissipation of power, as distinguished from insertion loss, or reflection of
power.,
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6. HERQ Variables and Test Facilities
L. J. Lysher

U. 8. NHeval Weapons laborutory
Dahlgren, Virgiria

INTRODUCTION
The amount of energy transferzed from a transmitting antenna to

an electroexplosive device (EED) in a vespon is dependent upon many
variables. These varfables must de identified, examined and weighed
in the evaluation of weapon system susceptidility to electramagnetic
rediation. Tos number of variables is quite lavge; ounly thoss consi-
dered most important will be discussed here. The variadles my be
divided into three major groupe; (1) veapon configaration, (2) hendling
operations and (3) envirowment.
VEAPON CONFIOURATION

The amount of energy transferred to an EED is dependent upon the
characteristics of the vesdon in which it is esployed; the effect of
this energy is dependent upon the firing energy requiremesnts of the
EED. The pertinent wespon charscteristics includs cireciitry, coupling
factors between circuits, extermal (to the weapon) cables, ports,
openings, ete. In most cases it is not practical “o extrapolate from
on2 veapon typs to another becauss small lifferencms may cause large
changes in the rf response of the weapon. In Yact, care must be taken
in extrapolation of results from one weapon t0 snother of the seme
type because of production differences botween units (i.e., location
of wires in a bundle with respect to each other). Included es s pert
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of the weapon system is the launching vehicle; i.e., aireraft;
launcher, ete.

The effect of a given level of energy in an EED c¢ircuit is
obviously dependent upon the firing energy requirements of the
particular EXD. Whtle it is true that a high ensrgy XED may mot
be affected as mich as & low energy one by a specified amownt of
energy, impedance changes must de considered. The emergy induced
in the high energy EED may be greater than in the low ensrgy cne
because of an impedance change.

HANDLING OPERATIONS

There are many variables which are not aseociated vith either
the weapon configuration (as defined), or the euvircement, It are
conoerned with operetions which ave performad upon the wespon. These
include transport, handling, testing, loading sbosrd sircraft, ete.
ALl possibls operations cannot be investigated; however, those which
aTe likely to ocour must be investigated. The more important, of
these wvill now be oonsidered individuslly.

Egndling

When testing, all operatiocns that are normally performed under
operational conditions when the weapon 1s in am electramagnetic field
should be performed or simulated. Also, opsretions that are not nore
mally performed but which are possidle (for emmple, comnectiag sa
uwnbilical cabls before racking, if the norwal procedwe is to reck
before oonnecting) should be performsd during tests. The maximum
allowabls energy for adnorma) operations dspenids upon she probadbility
that the operation in guetion might be yerforwed.




Variation of Induced Current Under Jdentical Test Conditions

It has been found that if an operation such as connecting an
umbilical cable is repeated under identical conditions of rf source
frequency and power, distance, weapon orientation, etc., a set of
data, rather than a single value of induced current is cbtsined.
This characteristic is present in all cases wherein the induced
current is of short time duration and vhere contact i1s made or broken
somewhere in the weapon system. In some cases a graph of the distri.
butici of the induced current approaches that of & normal distribution
curve; however, in other cases the distributions rangs from slightly
skewed to multimodal.
Transmitier to aircraft Distance

The transmitter to weapon distance affects the induced current, dut
not in & simple relationship. In the "far f£ield" the field, and hence
the induced current, varies inversely as the distance from the antenne;
in the "near field", and near discontinuities such as s deck edge, this
rule Adces not hold true; as largs a field may de f2und 100 £t from the
antenna as ‘eu £t fras the antenns. If a uniform field exists around the
test object, the tast results may be extrapolated to auy given field strength,
and any convenient "far" distsnce can be used for the tests (within the limits
of detection sensitivity). This extrepolation is not correct in the case of
weapons very near comamnications antemmas. Under this condition the test
object is not immersed in o uniform field; in fact, the effect of the ra-
4iated field may be secondary to that of the induotion field., In oxder to
mke statemernts regarding the susoceptidility of a weapon located very neer
an snanna actual tests must therefore be conducted at such distences.
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Weapon/aircraft Orientation

The orientation of the weapon/eircraft combination with respect to
the transmitting antenna is very important, particularly et wave lengths
comparable to or smaller than the maximum dimensions of the sircraft.
This orientation sensitivity is discussed in NWL Report No. 1787, The
Antenna Characteristics of an AiD«2 Aireraft (U) by Harry P. Bimd. It
is therefore essential when conducting tests adequately to investigate
sufficient orientations to assure that no meximum points have been
omitted. At frequencies below 26 Mc, incremente of 90° rotation, and
above 200 Mc increments of 15°, are ordinarily adequate to determine
trends in the induced current versus orientation fumction; much smaller
increments are required unless only trend information rather than magni.
tude of maxima is required.

Grounding

It is not possidble to ground an ocbject at rf frequencies in the
same sense a8 a ground can be provided at 4¢; however, it iz possible
to provide a low impedance path for rf current at some fregquencies.

For convenience, however, I will speak of grounding in the sense of
simply joining two points with a metallic conductor.

Grounding the aircraft and grounding the weapon must be considered
separately. Grounding of the aircraft to the deck normally does not
increase the hazard; however, it may cause a shift in the frequency at
which current is induced in en EED, theredy reducing the hezard at somw
frequencies and increasing it at others. In the cass of the weapon
this is not neceszarily trus; in many instances one side of the firing
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circuit is connecte” to the veapon skin, and when the wesapon is grounded
a corvenient peth is provided for the return of the rf current to the
deck. In loading the weapon on an aircraft it is possible that the
weapor. may be grounded to the deck either intentjonally or inadvertently,
for example, by a hemb truck or persoacel touching the weapon; hence, it
is necessary to conduct tests with the weapor. grounded and ungrounded.
Awclliary power supply

Auxiliary power sources (external to the aircraft) are used for

siverat™ starting and check-out functions. With th: power source comnected
to the aircraft, the rf configuration of the aircraft is changed; conse-
quently, the rf susceptibility of a weapon loeded or being losded on the
sireraft is changed.
ERVIRONMENT
The test environments must be either the actusl environment to which

the weapon will bde expused, or one that can be extrapolated to that
enviromment, since it is the wespon's peiformance in the actual environ-
ment that must be evaluated. The impcrtant environmental variables will
now be considered individually.
Transmitter Tower

The current induced in sn EED is proportional to the square root of
the antenna power if all other varisbles are constant. Any couvenient
power level can be used and the results extrapolated to any other power.
A critical factor is the threslold of datection of the device used to
ressure the induced current. The instrumentation presently being used
by NWL has s threshold of approximately 5 percent of the EED maximm
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no<fire current; if the transmitter power used does not produce a curzent
greater than this smount, extrapolation is not possidble. In practical
usage, it is best to use rf powers that keep the maximum induced current
Just below the upper limit of the detection system. To determine if the
weapon can be handled with impunity aboaxd ship, the test results must be
extrapolated to powers or fields expscted aboard ship. If field strength
values are to be extrapolated, the unperturbed test site field, (that e
the field without the weupon and aircraft) should be measured. With the
test site fields and the £ields existing ou board ship available, the
magrituds of induced currents to be expected in ordnance abosrd ehip can
be Teadily ccaled for a given set of test conditions.
Transaitter Frequency

There are seversl variables that are functions of frequency; these
include weapon impedance, sntenns characteristics of the aircraft and
veapon, and coupling betwesn (wiring) circuite of weapon and aircreft.
For this resson the optimum test would de to scan the complete frequency
spectrug. Since tests at the higher rf porere must be conducted at dis-
crete frequencies, the weapon can be evaluated at only a finite number
of frequencies. Decause of the frequency dependance of many of the
veapon/aircraft variables, current may be induced only over a certain
frequency tand or bands. The susceptibility bandwidth or Q of a wespon
system will dictate the sise of test frequency increments. Vhen frequency
allocations prchibit selection of optimumly spaced test frequenciss, tie
test results mist be corrvcted by weighing the date relative to the ves-
pon Q. It may also be necessary to supplement an assumed Q by tests to
determine where response peaks lie in the fregquency spectrum.
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Reflections

Eleciromagnetic energy is reflected by mstallic objects; hence reflec-
ticns must be considered when conducting tests und estadblishing acceptable
induced current levels. Reflections should be avoided or at least not
permitted to become oue of the unknown variables. Should destructive
interference between the incident and reflected waves occur, the resul-
tant £ield at the site of the device under test could be much lower
than the unperturbed field. When establishing accepteble induced cur-
npt levels, the opposite condition (i.e., enhancement of the field)
mus’ be considered since it is quite possidble to £ind aress aboard ship
vhere interference has doudled the unperturbed field.

MWL GROUMD PIANE TEST PACILITY

The ground plane facility provides s means of conducting tests under
controllel conditions and provides flexibility that cannot de achisved
in field or shipboard testing. It lends iteelf to the simulation of a
vidse rangs of service conditions for the sccouplistaent of preliminary
evaluations and for various EMR research projects. It also provides a
labtoratery for research on antenna thecry and field strength measurments
and distribution. The turntabls incorporated in the ground plane makes
it possidle to medily examine the effects of eximth changes in the
weapon during illumingtion by the rf sources.

The ground plane deck is constructed of 1/k inch steel plate, velded
into s continuous sheet (2k0 £t Ly 100 £t) simulating the deck structure
of & naval vessel. It is capable of supporting loads of up to 10 tons
per square foot. AL ground plane power cables and coaxial cables are
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located underground. Tiedowms and grounds are provided for aireraft.
The ground plane is grounded around the peripiery to € £f ground rods
located at 20 ft intervals.

The turnteble is a steel disc 15 ft in diameter located 50 £t
from one end of the ground plane. It was comstructed by inverting s
5"/54 gun mount and has s load capacity of 15 tons. It can rotate
continuously about an axis perpendicular to the ground plane in either
direction at speeds from O to L rpm. The turntable is electrically
driven, end may be opsrated from conirols located in a pit nenr the
ground plane or similar controls located in an wdjacent hangar.

Transaitting equipment ordinarily employed in EERO testing a* ML
includes equipments operating in freguency bands from 100 ke to 10,000
Me,

These equipments ave opernted at spot frequencies assigned to the
Faval Weapons Laboretory by the Chief of Heval Opsrutions for HERO
testing at full pover.

MEASUPEMENT BQUIPVENT

RF pover dsnsity and field intensity msasuremsnts are conducted
during tests on the ground plane facility to determine the megnitude
of the slectromgnetic fields. Antenna impedence msesuremsnts are
made prior to testing and are used in determining the rediated power
of the trenmmitter. The field infermation 4s used in conjunction
with test records of the instrumented FEDs within the weapon in evaluse
ting the test Tesults. Measuring equizment is aveilable for field
intensity and impedance messurements throughout the ccaplete frequency
rengs to 10,000 Mc.
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The experimente]l determination of the effects of the various test
varisbles requires that the amount cf rf emergy induced in the EXD be
measuved. When installing the instrumsptation to measure induced energy,
every effort is mde to avoid perturbing the rf response of the weapon;
particular care is taken to avoid creating new paths of emtry for »f
energy. It is not possible to install instrumntation without making
some changes in the weapon; this fact must be considered when analyrving
test results.

Several types of EED simulators have been or ave being used to
soasure the current induced in the EEDs. The simulator used most in
HERO tests at Dshigren is the thermocouple developed by ths Denver
Research Institute. This instrumentation uses an actu.l EXD bese and
bridge vire sssembly without explosives. The therwo.ouple element is
located near, but not touching the dridgewive. This unit is compect
snd can be mounted in almost all places in a wesyom occupied by real
EEDs. The output from the squid simzlators are fed via shielded leads
into recorders or direct resding meters vhich wre calibrated bdefore
and after tests.

The recordere which are used with the aquid simulatore include
conventional oscillograph galvanometer type recordere, ministure, sslf-
contained tape recorders dsveloped by Edvards Engineering Co., and also
s small oylindrical oscillograph recorder dsveloped at the Neval Weapons
Iaboratory. The WNL recorder is an eight charmel recorder, cylindrically
shaped  1/2 inches in dimmwber by 19 inches long. With battery pack
it messures 5 inches x 4l inches long. Using 150 £t of recording paper
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(at 0.33 inch per second), & recording time of about 90 minutes is
obtained. In those wespons which are too small to accomodate recording
equipment, a shielded dc chopper-amplifier developed by MWL, Dahlgren
for use in amplifying thermocouple output from squid simulstors is
employed. The amplifier messures ). 1/2 inches in dtameter by b
inches long. The output of the amplifier may be monitored by convene
tional dc meters.
CONCIUSION

Ve have now discussed some of the variables that influence the
susceptibility of a weapon, and briefly, the methods and facility used
at Dahigren to determine the effacts of these variables. The object
of testing is to identily thoss combinations of variables which resul’
in a hazard. Upon ldentification of those combinations, the probebility
of exceeding any stated value of current can be dstermiied by tasts.
It should be noted, however, that a prohibitively large smount of data
my be required to adequately dstermine this probebility. When the
extent of the hazard has been found under the determined set of condi.
tions, as a separate prodlsm, it is necessary to obtain the probability
of occurrence of such conditions. This prodbebility cen be estimated from
operationsl experience or fram actual observation in the field where the
veapon vill be handled. One approach is to assume that those worst con-
ditions have a provadility of one of occurrence, a:d to detarwine the
time interval in which these conditions are virtually certain to occur.
WL is presently engaged in an intensive program to estadlish procedures
%0 provide a sound mathematical probubility statemsnt about the susoepti-
bility of a veapon under operational usags. Until the time vhen a
mthematical statement can be msde after s pructical smoust testing,
800d engineering judgemsnt will still play an {mportant part 11 deter-
mining if & veapon can be empleyed without undue fear of sccidents or
seriocus degredation of reliability.
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18 MISSILE WITH ATTACHED UMBILICAL CABLE AS A RECEIVING ANTENNA

by

Charles W. Harrison, Jr.
Member of the Technical Staff,
Sandia Corporation, Albuquerque, N. M.

Introduction

In this age of space exploration it has become necessary to 88sess the receiving characteristics
of rockets to unwanted radic signals because they are fired by electroexplosive devices (EEDs), If the
roc-et on its launching pad, with umbilical cable attached, is unduly sensitive to the electromagnetic
field environment, a premature launching might occur, or a degradation in performance resul’. The
unwanted radio-frequency field environment may be caused by the opecation of nne or more radio
trangmitters in the vicinity of the launching pad, by local thunderstorm aciivity, or by a nuclear
detonation in the ncighborhood."'

A similar problem exists in the genaral field of ordnance. Pottcr.hu written & good summary oi
the problem of radio-frequency hazards to ordnance, He says,

"The recent trend in radar and communications equipment toward greater effective
radiated power has resulted in growing concern about RF hazards ,... The most serious
hazards stem from the use of sensitive electrically-initinted exploslve elements, known
as electro-explosive devices (EEDs), which can be spuriously initiated by induced radio
frequency energy, EEDs are used extensively ,.. to activate control and arming devices
and to inftiate explosive tralns, Hazards include both spurious functloning of the EED and
degradation of the EED reliability or performance characteristics,”

Radio-frequency energy is fed to the EEDs by the internal circuitry in the rocket, The wiring
is activated by radio-frequency leaks through access doors (slotx), anodizeq peripheral butts between
sections, etc,, and by direct connection (by way of the umbilical cable) to improperly shielded exter-
nal circuitry,

The basic problem of radio-frequency hazards to ordnance consists in evaluating the response
of a dipole receiving antenna withln an imperfectly conducting cylinder of modest wall thickness and
of finite length, Harrison and K;n(’ have demonstrated that for any conceivable field amplitude there
is no hazards problem at low frequencies, where the length of the cylinder and radlus are small in
terms of the wsvelength, At higher frequencies skin effect affords sufficient protectlon, The theory
presupposes no breaks in the rocket skin and no attached umbilical cable, Howsever, King and
Harrison® have shown that the pickup of a coaxial cable of anfficient length to approach resonance at
low frequencies is surprisingly large,

Harrison has discussed radio-frequency shielding of cables in a qualitative wuy.' evaluated
approximately the reaponsc of a loop anterina in a large imperfectly conducting cylinder?nnd doter-
mined the shieldir.g properties of & circular grating of tinite leng'h.“ Work is currently under way at
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the Sandia Laboratory to evaluate theoretically the transmission of radio energy through access doars,
Dickiason has considered ciectromagnetic coupling to ordnunce devices, and some 30 years ago King”
obtained the shielding effect of imperfecily conducting svherical and infinite cylindpical shells at low
frequencies, Thia work is now the ciassic in the field of electromagretic shielding.

Radio-frequency hazards to ordnance problems relate to partially shielded receiving antennas of

very general configuration. The solutions of thes«: probiems are often cbtained by combining methods

of antenna analysis with suitable arranged experiments, Thus theory complements experiment, Ifa
correlation has been obtained :n the Laboratory between some eesily meesured current in the rocket
and EED current, and the former current can te estimated theoreticaiiy for a uew radio-frequency

field environment, the problem is solved,

In the present paper it is assumed that the reletion between rocket EED current end total current

in the shield of the umbilical cable at the point of ettachment near the nose is known, The theoretical
problem is that of estimeting the umbilical cable current for e specified electromagnetic feld in the
vicinity. The physical configuration o! the rocket on its launching pad, end the umbilical cetle,
regsmbles e folded monopole for recep'ion, This paper lays the foundativia of e very general tieory
of reception by folded dipalu.‘ * The enalysis has many points in common with the earlier work of
Harrison and King in which relations for mutual and self-impedance for identical folded antsnnas were
dourmmad,‘ 'u well as the driving point impedance of folded dipoles end loops containing series imped-
ances and reective interconnections>®

An eree of electromagnetics research is unfolding where the objectivs is not the enhancement of
the transmitting or receiving qualities of a given entenna but the evoivment of weys and means of reduc-
ing the signal pickup of extended circuits. In future rocket and ordnance design, ee much attention
must be paid to the radio-frequency environmental problem ¢ .3 now given the effects of eltitude,
shock, temperature, h.umidtty. stc,

Theoratical Considerazions

The receiving characteristics of 8 symmetrically loaded dipole excited by plane waves may be
deducsd es follows: The antenna is drivan by a generator st its center, and the current distribution
1{z) found at all points elong the dipole by solving the integral equation for the current, The current
ot the driving point 1(o) determines the input admittance Y . The reciprocal of Y is the driving
point impedance Z,. Knowledge of the current distribution also permits calculation of the radiation
field pattern F(o. gh, %). As & consegquence of the Rayleigh-Carson reciprocity theorem, Bh‘ (o. Gh, '—") .
(F 9, Bh, ﬁ)!or 8 two-terminal radistor, Here. h, (0. [ ;.‘) is the effuctive half-length, B is the
radian weve number, h is the half-length of the structurc, « is its radius, and ¢ is the usual sphericei
coordinate angle measured from the axis of the dipole, I¢ E s the incident electric field strength in
the plane of the recsiving dipole, the open-circuit voltags et 8 » 0 ig Vo * 3h E. The current in the
lvad impedance 2, is L Zh‘El(Z. + 2, ), and the current with load terminals short-circuited is
lolo) = 2 E/Z,,
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It is app:.cent that if the receiving properties of an asymmetrically loaded dipole are desired, it
is necessary .o obtain a completely general expression for the current distribution for arbitrary
generator ;n3ition, so that the impedance and effective length of the structure may be obtained,
referred tc the terminal location, Evidentally, moving the generator alters both the current dist-
ribution and field pattern. While in principle the receiving properties of an antenna may be deduced
from an iccurate knowledge of the current distribution when the antenna is used for transmission, the
writer is of the opinion that in some cases, especially for asymmaetrically loaded folded dipoles, it is
easier to work directly with the integral equations that apply to the structure when excited by an inci-
dent plane wave, than to determine the impedance and the effective length from the radiation field
pattern utilizing the reciprocity theorem,

A folded receiving antenna consisting of two conductors of radii, 2 and 8y, and total length >,
connected to equal impedances ZL at the ends. {s shown in Figure 1. The structure lies in the yz
plane, and the wires are parallel to the s-axis, The axis of conducter 1 (of radius s ) is located at
xX®o0, y°® %. and ~h € 2 < h, The axis of conductor 2 {of radius 8,) is Jocatedatx o, y = - b '
and -h < 8 < h, For simplicity it is assumed that the incident electric field is linearly polarised
parallel to the z-axis and arrives .rom the distant source at the azimuth angle & measured from the
positive x-axis., It {s further assumaed that the structure is so proportioned that thu following inequal-
ities apply: &) <<h, ay<<h,(a+ a)< b, (Bb)z« 1.

The circuit of Figure 1 approximates & rocket of height h and radius 8,, with umbilical cable
of length h and radius 8, sttached. uver a large perféctly conducting plane. [t is assumed that there
is & gap in the shield of the umbilical cable at the point of attachment to the rocket. The voltage
developed across this gap by action of the incident field excites currents in the wires surrounded by
the shield, The "equivalent impedance" of the internal eircuitry is represented by the lumped loading
impedance Z, ,

17
The analysis beging with the equations

Jyte)+ ey, ¢ Dytary = -5 42y cor B + U} w
340 ¢ el + Dtairg 547 {c, con 82+ U, @
() * Ly {adry + Lyladrgy® -5 (G2 2

where (1) and (2) apply to conductors 1 and 2, respactively, The definitions of terms follow,

1

3yte - f Ll )K ts, 2°) ds’ ™
-h

Ipls) = 3y la) + Ly02); I deh) = O (4)

l‘(l) and lz(l) are the currents along conductors 1 and 2, respectively,

K“l. s’) = exp (-jBR‘)/R‘ (s)

&
Reference 18, Equation 18, p, 174,
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Ry+Wz.z)i+al

r " 2fn —1
rggc 2 I_n;d;
r, =2 ln%

§ * 1107 ohn::

C‘ and Cz are constants of integration

i B aine
Uy » Ue

-3 ‘ik sine

U: = Ue
u--k
Multiplying (3) by & parameter m, and adding it to (1) gives

+ o (r_ -
:.(z)n.,(-{:ll m‘]ﬂ’(.)[r' - 5]-

m+1 m*1

.+ U+
_,‘_'[_:._‘“f:’_c,.a.,_t_l“.‘i’]
[ 4 m+e1i me1l

(6)

(7

(8)

9)

{10)

ity

12

(1)

This expression may be reduced to the integral squation for the current along an unloaded solid
conductor receiving dipole of length 3h and radius d by setting the coefficienta of l‘.‘l) and l’ {s) equal

to zero,
Thus,

rn*mr.'o

r + mlr“ - r.) » 0

. Ta

It follows that ‘hat
d: b'(.| l’)‘e’

vhere
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e -;lz—-
m
fn 2
a (18)
2
The antenna equation (13) now takes the form
4+
SO j-?'[cd cou Bz + Ud] (19)

where C 4 it evaluated from the boundary condition 1,(th) = 0, and the source function Uy is given by

, Sprre B
s * =
U, +» mU a a
1 2 2 1
Ve’ w577 3 2 v
r J
1%

Because (Bb)!<< 1, it is cledr that U‘ s U -%.

Note that (19) is valid only for an electric field directed tangential to the wires.
!., (z) is available from the work of Kw,“ and is considered known for the purposss 3! this paper,
If only the current !1‘ (0) is of interest, it may be obtained from the formuls

2h 'E .
l'l’ 0) s 7.—- . 21)
where the effective length 2h, is obtained (by anplication of the reciprocity theorem) from the radiation
fisld pattern of a dipole of iength 2h and radius d, and 2 q {3 the impedance of the sams dipole.

The tranemission line equation

[-R

a
l|(l) v i‘(-.) ——;—- . -tE:,-C,) cos 3z + j3U sin (ﬁ‘; an 0)] (ti1]
b
g

in obtained, fundamentally, by subtracting {2) from (1), Here Z is the charscteristic impedance of the

structure, given by

2
b
z, - 6o '“".';.; 3

10=5




Alternative forms of (30) are

.  {Bb ) ) sin Bh |
1) = 2U sm(2 sind Z_ sin B - 12, cos Bh | (32)
and
. fBu )$ tan Bh l
[,(h) = j2U sin (—- sin ¢ )\ (33)
1 J 2 Ry * iX, * §Z, tan Bnj
Clearly from (32) Iy{h) = O when Bh = », Z { 0, Also, when $h = % .
1 = 2 sin (3'3 stm) ~.Ebsing (39
1 Z 2 Ze
From (33) it is seen that whenever
o |
Z_tan fh >>|RL+ Xy (35)

(34) holds.

Readers arc reminded that in the development of these equations radiation from the structure (in
the transmission line mode) is ignored, transmission line losses are neglected, and no account is taken
ol proximity effect,

As a numerical illustration, let the current input to the nose of a rocket from a shielded umbilical
cable be estimated under the conditions stated below, The structural dimensicns are:

L 1.219 m

a, = 0.743 m
b= 3,639m

h= 16,76m

The incident plane wave E is vertically polarized and has a magnitude of 3 volts/m, The frequency is
f+ 1,83 mc/sec, or A * 182,2 m. The shield is continuous, so that Z‘_== . It is assumed that this
systen can he represented satisfactorily by a two-conductor folded monopole over a perfectly conducting
earth.

The characteristic impedance is

?
z_- 80 fn 25+ 160, ohns
¢ 11

Sinee 3h = _Zi_: h=0,6492, tan Sh = 0,7566, It follows that Ze wn jh »IZ"I since ZL is assumed to be small,

Hence the formula

|t | 2o
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is applicable. Substituting numbers in this formula gives

] .3 3.639
I’x“"l = A s 67,85 ma

if = %’ radians.

If laboratory experiments reveal that considerably more than 100-ma nose current is required at
1.85 mc/sec before the most sensitive EED current exceeds the safe level, one may conclude in this
instance that no hazards problem exists. As mentioned before, the firing circuits are energized by
radio-frequency leaks in iiie umbilical cable shield and in the rocket skin wnen 2L= 0.

It is to Le emphasized that the solution of this problem is only approximate. The raoius of the
"equivalent' dipole is d = 1,904 m, sothat 2 *2 h@dh)' 5,736, Accuracy may be obtained from
existing methods of cylindrical antenna analysis for Q 27,

If a break exists in the umbilical cable shield at the point it enters the missile, ZLI 0. This
impedance, which appears across the gap in the shields, i{s a manifestation of the loading eifect of the
wires entering the missile from the umbilical cable, Z, may be determined as follows: Measure the
gap impedance Z, (shield-to-shield), This impedance is the parallel combination of Z and Z., Z, is the
impedance of a transmission line of length h and characteristic impedance Z_ (given by (23)) termi-
nated in a short circuit (the ground plane). Then,

z, Z.l. (36)
7

Z, T —

T N
The true current on the shield of the umbilical cable at the point of attachment to the missile is then
computed from (30) using (36),

It is important to observe that a laboratory-determined relation between nose-cone input current
and EED current {when the umbilical cable is disconnected) is no longer valid when Z‘. § 0, because the
circuits in the missile are excited hy the gap voltage, Ordinarily the currents flowing in the internal
wiring induce larger currents in the firing circuits than the missile skin current, even when there are
open access doors and anodized peripheral butts between sections, Indeed, it is possible that more
correct reaults may be obtained by disregarding the shields and treating the internal wiring as a lits
cable, in the form of a folded monopole, The total cable current is obtained theoretically for the spec-
ified RF environment, The RF hazards to ordnance problem iz solved if the relation between the most
sensitive EED current and total cable current has been obtained exporimentally,

Discussion

A few remsrks might be made relating to the use of (31) in solving conventional two-conductor
folded receiving antenns problems, 1f conductor | is broken at point z = 1, a voltage Vee * 1,,(!)2( ]
will appear across the bresk, Here l"(l) is the short circuit current, and may be obtained from (31)
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with z = fand Z = 0. Z(f} is the driving point impedance of the structure, looking in at the break,

For a two-conducter antenna, Z(f) may be obtained easily by superposition’;’ if the number of conduct: s
N>2, more advanced ‘echniques must be employed, as a general rule, Z(Ii depends on the impedan .e
of an as;mmetrical dipole and of two transmission-line sections in series with short-circuited terr.i-
nations. The sections of the equivalent dipole are of radius d, and the transmission lines are of 1:ngth
h+fand h -{,

The equivalent circuit of the receiving antenna consists of V‘,e driving Z({) connected in series

with the load impedance ZL used,

When the electric field is directed tangential to the wires of the folded antenna only currents of
even symretry are excited. When the field is tilted with respect to the axes of the conductors, ‘currents
of even and odd synmetry fiow. If the 1oad is located in the middle of one of the conductors, the volt-
age drop across the load impedance is due ouiy to current of even symmetry, (Note that this current
is a function of the angle of wave 1ilt,) For a displaced load, i.e., an asymmetrically loaded struc-
ture (assuming nonparallel incidence of the field), currents of both symmetries flow in the load,

These currents may be found individually by applying the integral equation technique, The total currunts
is then obtained by supevposition.

Conclusions

Antenna theory is useful for solving problems relating to radio-frequency hazards to ordnance,
In this paper a theory of folded conductor structures, as receiving antennas, is developed and applied
to estimate the current in the shield of an umbilical cable at the point of attachment to a rocket on the
launching pad, An experimentally obtained correlation between input current to the rocket and electro-
explosive current permits solution of this RF hazards problem.
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1, Introduction

There are at least three mechanisms by which electromagnetic radiation can leak into regions sur-
rounded by metallic shields. At low frequencies an imperfectly conducting shield may fail to isolate the
shielded region from an externally applied field, King and Harrison (1961) have considered this case in
some detail, A second possibility is that the shield may be incomplete. For =xample, there i.; a functional
requirement for openings (such as access donrs) in the outer shell of a missile. If the missile is exposed
to the fieid of a nearby radar or communications antenns, the resulting level of interference with missile
circuitry may be objectionable. The circuitry may be that associated with sensitive electroexplosive de-
vices used to initiate missile responses upon command, It {s obvious that inadvertent interference with
these circuits may affect ordnance reliability, However, many of our commenis are applicable to other
problems in radlo-frequency interference and to equipment other {lian missiles, A third possibility is that
radio-frequency energy will be carried into the missiie along umbilical cables. This case is not being
considered in this paper.

It must be taken for granted that efforts toward better design of potentially unreliable circuits will
contir.ie, Radlo-frequency filters, sealed components, coded input schemes, and other techniques will all
' ..doubtedly pliy a larger role in future design., However, at any given time it will be necessary to ade-
quately assess the level of interference and to know the margin of safety. Designs which are presently
zJequate may become inadequate if radar power continues to increase,

1t is also important to make the point that the art of predicting induced currents must be refined and
made accurate, Undercstimation of danger leads to a false sense of security, Overestimation may lead to
ridiculous precautionary procedures. One occasionally cbserves "Turn Off Two-Way Radio” signs in the
vicinity of highway or industrial projects in which explosives are used, If the same policy were invoked at
Cape Canaveral, the countdown procedure for launching a rocket could not begin until all nearby sources
of radio frequency were turned off, Excessive caution can be a source of petty annoyance, or it can inter-
fere with the operation of & complicated system.

At {irst glance the complexity of the problem seems overwhelming. Exact analysis of the environ-
ment and internal details of a missile from the point of view of electromagnetic theory is certainly im-
possible, If one shuns analysis and electrical measurements entirely, the only kind of testing possible is
to illuminate the missile with electromagnetic energy and simply observe whether or not the electro-
explosive devicea (hereafter referred to by the short and popular name, squibs) are affected, The test
should be performed in & realistic environment with the {llumination being provided by the actual sources
which may be suspect, {Of course, one must alter internal details in such a way that an exploding squib
does not actually ini*iate action by the missile.) This test is simple and meaningful if a few squibs are
actually exploded, "‘hen one knows that certain circuits must be redesigned, or that the use of lens
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sensitive squibs is indicated. The proklem is considerably magnified if the firing of a squib is a rare
event., The probahility of the type of accident being considered here may be small but nevertheless intoler-
able. To clearly establish a probability, p, by experimental means requires inore than p'l tests. We
are lead to reject the purely probabilistic model because it requires an excessive amount of testing which
should be repeated for a large variety of missile environments. A last point against this approach is that
it provides no knowledge regarding the margin of safety, It may be practically impossibie to accidentally
fire the squibs in a presently existing design which will be guite unacceptable in the near future.

The next step $n evolving a model is to consider the measurement of the currents induced in the squib
circuits., Separate bench tests of the squibs can be made. 1t is a simpie ualicr now to guarantee inat all
squibs in a given sample are fired and to estimate the mean, variance, and probability distrfbution of the
required firing current. Conclusions are then reached by comparing these data with the currents induced

in the missile circuits with the missile in a realistic environment,

We shall not dwell on the details of setting confidence limits and the somewhat subjective protlem of
saf~tv recommendations as we intend to concentrate on deterministic models for describing the induced
currents. The reader stould be warned that another important aspect of the problem will not be treated
here, We have not made any distinction between transient and steady-state situations, It is weil known
that a squib can be su™jccted to & large current for a short period of time without firing. However, the
construction of a theoretical model for the steady-state case is a necessary prelude to the transient solu-
tion, Finally, it may seem that we have relegated statistical aspects of the problem to consideration of
quality -control data on squibs, We are not ruling out error and variance analysis of the field measure-
ments of induced currents, It should be obvious that these measurements can be carpried out on a sample
of several missiles and it would be prolix to dwell on this point.

Leaving experimental refinements aside, further development of a meaningful test program must lead
toward an understanding of the induced currents in terms of the interuction of the missile with its electro-
magnetic environment, This part of the problem is the most difficuit because of the infinite variety of
possible complicat<d situations, However, in spite of the complications, a great deal of conceptually
useful information can be gleaned from careful application of physical principles, The next section of this
paper provides a brief review and critique of various attempts to organize inducea squib current data,

Then we turn attention to the solution of a representative idealized boundary value problem. Idealized
problems have certain features which would survive {in complicated problems if they could be explicitly
solved. Realizing this, we propose a rather general semiempirical approach to the problem in the final
part of the paper,

2, Review of Previocus Work

In this section we shall attempt to present a brief review of those ‘deas and experiments which have
been used in attempts to obtain a satisfactory model for explaining induced squib currents. Many technical
detai's are omitted. In some cases, variations or refinements of the methods exist and we have taken the
liberty of giving only bare essentials, We have included a few general stutements regarding experimental

data. Actual data have been omitted since most of it is too purticular to be relevant to a general discussion.




The approach which we recommend in a later section of this paper has not yet been subjected to experi-
mental tests, The names of the methods in the following outline were coined by the authors for their own

convenience,

a. Mutual Iinpedance Method. This method is based on the well-known fact that the electromagnetic

field equations for linear homogeneous mediz can be manipulated to provide an equivalent circuit descrip-

tion o: the interaction between sources and sinks of electromagnetic energy. As a simple example, let the
current and voltage at the terminals of an antenna be I, V;, respectively. Denote simiiar quantities at

a pair of syuib terminals inside a nearby missile by I, V,. Then,

Il Yl). YlZ 1
= (2.1)
V.
I2 Y12 Y22 2
If the squib impedance is 2y,
Y, V
127
L = g3 (2.2)
! Y!Z zl.

The attractive simplicity of (2. 2) leads to the deception that progress can be made by measuring the admit-
tance coefficient Y13, (The diagonal elements, Y); and Yz, are not difficult to measure.) Admittances
are dependent on position and environmentai details, Off diagonal terms in an admittance matrix are
notoriously difficult to estimate theoretically in all but the simplest problems, One wouid be just as well
off to move the missiiec about and directly catalog squib current as a function of position and orientation of
the missile, Either procedure is likely to generate coffers of unexplained data, Thers may be special
situstions or aspects of the problem in which mutual impedance concepts can be used to advantage. How-
ever, we do not favor this method as the basia for an over-all attack,

o, Transfer Function Method. The method consists of taking data on squib current and field inten-
sity to define a transfer function

Iy
Yif) = (E’) . (2.3)
measured

where { is the frequency of the iiluminating field, and E is the fieid intenaity for a given polarization.
Measurements of E are usually made at 8 single point in the field with the missiie removed, It is then
supposed that if the missile {s immersed in a field of different magnitude the squib current wili be
I, = Y()E, The method has both a fallacy and a correct limit., The fcliacy is that a point measurement
of E {s not aiways adequate, Rather, the distribution of E determines the interior response of an object
placed in the field, However, except in the immediate vicinity of sharp points and edges in the environ-
ment, an electromagnetic fiedd (E, W) does not vary much over distances short compared to a wavelength,
Heuristically, the method shouid provide an adequate deacription of the interior response of objects which
are uniformly illiminsted. If sharp noints and edges are an appreciuble fraction of 5 wavelength sway from
the objret, Y{f) should be insensitive to environmentai details,




c. Radiztion Pattern Method.* This method is based on the realization that if radiation can leak

into a .~issiie it can also certainly leak out, The squib is removed and a tranemitter is attached to the
circuit teriiinala, The resulting radiation pattern, G(6, ¢), is then measured. (Absoiute field intensity
measurements must be made; the usual relative pattern will not serve,) Now the reciprocity theorem can
be invoked to calculate squib current for the case of piane-wave jliumination. Omitting impedance mis-
match factors which are required in practice and assuming an incident plane wave of intensity S, the
absorbed power is given by

P. = SA@, ¢),
where

12
AG, ¢) = red G(8, ¢), 2.4

The relation between A(9,¢) and G(6, ¢) shown in (2.4) is estabiished in many texts for efficient antennas,
It can also be shown to hold for inefficient antennas (Appendix A), It is necessary to make this poit since
much of the energy injected into the $quib circuit in the transmitting mode may be absorbed inside the
missile,

Difiiculties with the modei can be attributad to the fact that in a complicated environment, the ex-
ternai transmitted field car not be interpratad as a radiation far fieid and the iiluminating fieid wiii rarely
be a plane wave. From a fundamental point of view, improvsment of the approach will have to invoive a
study of the interaction of antannas with near fields and surface waves, ths lattar because many of the
measurements must, of nacassity, be carried out over a partially conducting ground. Finally, the modei
is undoubtedly valid for application to {nflight intarfarenca with circuits insida missilss and aireraft,

d, Antenna Equivalent Circuit Mct_hod.' This method {s distinct from those discussed above in that
it is entirely theoratical; no measurements are involved, It is also the mest difficult tn discuss brisfly,
involving, as it does, saverai intricata papars dealing with explicit problams, Basicaliy, the approach is
to find the parameters for the Thévenin aquivaient circuit for a receiving antenna, namaly: Voo » the open
circuit voltage, and Z4, the transmitting impedance If theaa parametars are known and a load impedance
is presumed to te part of a »inpie circuit connectod across the iaak {(antenna terminals), the load current
can be readily calculatad, The procedure is iikely to overestimats the current delivered to squibs in
practical situations, Practicai circuits are often iocated at a considerabie distanca Hom the actual jaak;
interfering anergy propagates in some complicated way from tha lsak to the circuit jocation, This process
inevitably involves some attenuation, Focuaing affects in the interior ars not anticipatsd in the wsvelangth
region of interest,

Theory of this type has been successfui in order-of-magnitude calcuiations, It provides nominai
agreament with the siope of some experiments! curvas of squib currant versus frequsncy. Both linear
antenna theory and slot antenna theory have Levn used {n particulur situstions. In one application foided

]
G, F. Gajos (Ordnance Mission, White Sands Missile Range), unpublished information,
'C. W. Harrison, Jr., (Sandia Corporation) unpublished informstion,
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dipole theory is used to estimate the change in the squib ~urrent caused by attaching a control cable to a

missile, assuming that the interior response of the missile without the cable is known.

This approach can be shown to be an approximation to the more general method to be deacribad later
in the paper,

3, Scattering by Slotted Cylinders

It has been pointed out that radio-frequency interference probieme are too compiicated to aiiow de-
tailed theoretical solutions, The role of theoty in thie case is to provide organizing concepte ae a basie
for economical and meaningful experimentation.

The main prohlem we wish to present is that of scattering of a cylindricai wave by an infinite slotted
cylinder of infinite conductivity. Coordinates for the problem are the conventionai (p, ¢, z) rircuiar
cylinder coordinates, The slot is totaiiy circumferentiai in the region |z| < w at p = g, the radiua of
the cylinder. The choice of an infinite cylinder need not be a eource of concarn aince it can be ehown that
the effective iength and, hence, the open circuit voltage, of an infinite cylindrical receiving antenna ia
finite (Appendix B), Also, we will discuas modification of the treatment to obtzin an approximata soiution
for a finite cylinder, Cylindrical wave excitation enablee ua to avoid tha complications of asymmetry in
the azimuthal coordinate during a preliminary investigation of the probiam. This feature of the idealized
probiem can aiao be revieed, In what followe, thoee eymbole which are used without explicit definition are
conventionai in tha literature of electromagnetic theory.

We aasume, for eimpiicity, that the electric vector of the incoming field ie parallel to the cylinder
axie, Time dependence of exp (Jt) is aseumed, but euppreesed, Consistant with this latter aseumption,
H?)(kp) and H?)(kp) ara choeen to repreeent the incoming and reflected wavee, veepectively. In addi-
tion to these waves, there wili be a diffracted wave becauee of the elot. The eiectric field in the elot will
be an unknown function, f{z). It is convenient to redefine thie function ae Vfo(l) whera to(:) ie normai-
ized to unity on the interval lzl < w, The eirctric field vaniehes at the aurface of the cylinder averywhere
outeide the slot, We also normalize the incident field to !o volte par meter at the eurface of the cylinder,
b Fo(a) is the Fourier transform of {(z),

TV 1P| o [ s

? e - F (o)e”
1 n?’(aa) o

Jor

E)e,2) - E dor 3.1

o] L0 I §)
B ) H )

repreaenta the ficld vuteide the cyiinder and satisfiee the boundary conditions at p = a (Stratton, 1841),
Simiiarly

oo
Jot3p)
i v 0 ofas
E'(P. 2) . ?’1 W Fo(ﬂ)t der (3.2)

repreeents the feid inalue the cylinder and satisfica the boundary cond!tions at ¢ = a,
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In the above expressions we have defined 3 as follows:

32 ® k2 - az;
ph3 = 9, |a| < k; (3.3)

png = -7/2, la| > k.
The contour of integration is along the real o axis wiih downward and upward indentations at o = =K and

o = +k, respectively,

FExpressions (3,1) and (3, 2) are tautologically equal at p = a, A second condition {8 required if the
solution is to yield any {nformation, We require continuity of H‘ through tke slot, Modes of the magnetic
field can be found by applying the operator

2
-k 8 (3. 4)

W(kz_az) 8p

to euch mode nf E s With the un? ratanding that o = 0 for the incident and reflected Hankel functions, The
continuity condition on Hy results in
CEO

TZRDIK) ~ = N g L, .8

where we have ablreviated by letting

ka = K, Zo = Quh.

2 -
DIK) » J3(K) + Y§(Ki,

W _
e = 5| g P w, s .6

¢ K jJ‘(Bn) ar
l'(!) . g m Fo(ﬂ)e o, 3,7)

Equation (3, 5) {s an {ntegral equation on the intervai |2| < w for the function l (2), The ﬂrlt term il the
surface current density on & cylinder in a scattering problem for a cylinder wi!h no slot, 1| (1) and ? (:)
are the lotul ovuter and inner currents on & transmitting antenna with unit voltsge impressed across the
siot (Duncan, 1962)° by means of on {dealized generator, In the siot these quantities are not actually
currents but no ambiguity resuits from using the same functional notation on the entire z domain,

&
A reference manuai of duta for the infiuite cylindrical avtenna {s in preparation,
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We shall not attempt a rigorous solution of the integral equation, A convenient procedure is to as-
sume a form for f\,‘(z), require that (3, 5) be satisfied at z = 0, and solve for the parameter V. We
cbtain

8E a
Ve 2 ! . (3.8)
ZgKD(K) 105) + 1i(0)
A convenient choice for fy(z) is
1
fo(z) = i—v;,-, !l! < w,
3.9

» 0, otherwise;
with
Fgla) = sin aw/aw,

A somewhat better choice (Wait, 1958) which satisties appropriats edgs conditions near z » tw is

1

f(z) le)j < w
o L]
ZOEr (3.10)

s 0, otherwise;
with
Fo(‘) L4 Jo(“)o

Final numerical results are not very sensitive to the choics of to(z); we uss {3, 9) in the analysis.

We now turn attentlion to the svaluation of 13(0). If we set Folo) » 1 in (3, 6) ws obtuin

. H_ (8a)
0 K9 3 jaz
Ia(x) & == ] da, (8, 11)
LA olhe

the outer current on a & -gap transmitting antsnna for which the boundary valua of E_ is given by
Ez = =§{z), From the form of (3, 8),

100 ¢ | Bagtte - zghny. 8.12)
Since all of the functions invoived ars sven and foh.) vanishes for 2 > w,

v
0
Lo » z[ 1gtx M0t oz, @13
0
Thue, :he net effect of the window function {s to reqguirs a smoothed version of the currem distribution for
a b-gap model, The lutter has a short-range logarithmic singularity at the origin. If w exceeds the
rangs of the singularity, T and le not too largs, the value of l:(l) is not vary eensitive to the choice
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of fy{z), it being understood, of course, that fo(2) must be an integrable function. Since f,(z) is not
actually known in the present problem we shall obtain 1:(0) by the graphical smoothing procedure which
also serves to define z_. Letting Y, represent the admittance corresponding to the smoothed ¢ -gap
current function,

. 8E 52
= Z,KD(K)

1

v - b
Y, ¢+ x'(O)J

L zg<w S, (3.14)

This approximation is incorrect in the limit of very narrow slots, If w < 24, the logarithmic nature of
lg(z) must be taken into account vxplicitly, It is known that for emall z

] i "
1502 + Igled & = —‘z'; In k. (3.15)
‘When this is averaged over the window function,

(] i 4K
1O +1(0) ™ —f 2: fn kw, w < z,. (3.186)

{
Preliminary to evaluating l'(o) consider the interior current for the 4-gap model,
-»
§J.3a)
HUW z“:fﬁl;(m- O " (3.17
-

The integrand of (3, 17) is continuous across the branch cut. Poles of the integrand areat 3,2 = &,
where (€,) are the ordered seros of Jo(x). If the tube is below cutoff, all poles are on the imaginary
axis at

1R
a_-t;‘-Je,’,-x’-z-;l, (3. 18)

If K is greater than some (‘. there will be propagating modes corresponding to poles along the real axis
in the interval =k < o < +k, We define downward indertations at the poles in the interval -k < o € 0,
upward indertations for those in the interval 0 < o < k, The contour may be closed in the lower or upper
half-planes correspondingto s > 0 and s < 0, respectively, The result is

ve "."')
expl- ——
27K [
lg(:) . l-z-; '-‘ -T? . 14.19)
L ]

From (3,7) and (3.11) we have

')
x,‘u,,m-.,m., . (1. 20)
-0

10 = 2
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From (3, 18) and (3, 20), Z:(D) is given by

Am .ernZ 1—e
100 = i Zyw

The rate of convergence of {3, 21) can be improved, First use tho Fourder inversion theorem to obtain

B .l‘

3.21)

+e

i< (Ba)
K 1 . L i Jor
2‘; mgm-‘-r 57 ".Is(l)e dz, {3.22)
Then set o = 0 in (3, 22) to obtain
K i
W = ;Jo Ie(z)d: {3, 23)

and use (3, 19) to calculate the right-hand side of (%, 23), The result is the useful ldsntity

ALY

mm (1_—!(,5 {3, 24)

This may be combined with (3, 21) to givs

Y w
L &8 '1‘

Lo = g.’—“: Z ZC-’_K-) G

The seriss {n (3, 25) is now rapidly convergont end convenlent for computational purposes except near
resoncncs, If K is nesrly equal to soms &, It is only necessary to heep the dominant term in {3.21),
The exponential can also be expanded v low order to give

{ 2rh H
tho) = _ . (3.26)
v 'i'o' r—ii: K
. Ia R W I
PIDTCINS SERARaraiy ABT T ohs of the interior fisld can be compun.s i the residue thearem from {3.2), The presence

of Fylo) will cause tue Integral to divorge on the infinite arc used to cloae tne conteur unless |u§ S w
no matter which window fuiction 18 used. If field components are dewired in the region |2| < w, they
can be computed by convulution of the window function and the reaiduc aseries for field components In the
§ -gap problem just as in the above tresiment of x:(m. The sesulis for Izl > w oare:

4t )rm ~‘-' d

elo,m » ¥ Oy n sy . @.2n
»

* Z L) -1
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. &2 (5 BYF ) 1,z
Hylo, 2) = § 5‘—’2 '( LSS L ERR e (3. 28)

a
R4 1\ 2 LI : (3.29)

i
Eylo, 2)

As a criterion of interior response we calculate the interior skin curreni Jonsity, f(z), from (3,28)

by evaluating Hyl(a, z), Then,

WALL
Fo(an) o1l

nsa
kv
Jz) ‘j'z—z 5 r e S (3.30)
¥ o ;isn - K

The interior response is finite s{ resonance in spite of the appearance of (3.30). At resonance, I:(O), as
given by (3. 26), is much larger than Y,., The result is that V approaches zero in just the right wsy to
maintain finite fields in the interior. With either window function, Fo(an) becomes unity for the resonant

term. Keeping only the dominant resonant terms in the expressions for Vand f(z) gives

4E
. 0
Fele) = T7KDIK) * Ksg. (3,31)

12l
Note that jr(z) does not contain z since exp |- -“T— becomes unity at resonance, At low frequency the

damping factors insure that the field does not penetrate far into the tube, If the frequency is above the firat
reranant frequency, there will be at least one mode which propagates unattenuated in the z direction.
Combination of these notions leads to the suggestive sketch shown in Figure 1 in which the envelope of
resonant responses is given by (3,31), Comparison with (3, 3) shows that {3, 31) is just the outer skin cur-
rent density in the scattering problem for an object with no slot,

ENVELOPE OF RESONANT RESPONSES

OBJECT: INFINITE CYLINDER
|93 ILLUMINATION: CYLINDRICAL WAVE

K—-

Fig. 1 -- Sketch of interlor response versus K
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Thc intimatc eonnection betwcen interivi rcsponse and the scattering problem for an object with no
leaks is a quite gencral result. Consider the solution of any problem similar to the une above ia which an
object with a leak is iiluminated by a field in which E is parallel to the longitudinal axis of the object. Let
the distribution of the incident ficld be entirely arbitrary. Introduce the interior and exterior diffrocted
fields as perturbations on the scattering problem for the cbject with no leak, as we have done above, If the
leak is small with respect to a wavciength, the phase of the window field is not expected to change appreci-
ably over the window, Introduce an approximate window function, Vf o(z, ¢). Choosc a reasonable form for
fo(z, ¢) and solvc for the parumeter V, obtaining the analog of (3. 14) which contains a factor depending on
the scattering problem und a second factor which depends on the interior and exterior admittances when the
leak is driven by unit voltage in the transmitting mode. The interior admittance is just the interior skin
current density function evaluated at the slot position, Hence, these quantities depend on the interior
eigenfunctions and resonant frequencies in precisely the same way. If the problem is not azimuthally
symmctric and the object is of finite length, three parameters, one for each dimension, will be required
to label the interior eigenfunctions, If the interior is complicated it will not be feasible to {ind these
eigenfunctions explicitly, However, it is sufficient for our purposes to know that they exist in principle,
Whatever tne nature of the complications, near regonance the terms with resonant denominators dominate
the equations analogous to (3. 21) and {3, 28). If only dominsnt terms are retained, the resonant denomi-
natora cancel, leaving the factor which depende only on the incident and reflected fields evaluated at the

slot position,

/ ine ref
,1,' = ) + )mt. (3.32)

Using these ideas we can now sketch the kind of benaviour to be expected of the interior response of a
missile, For the infinite cylinder, (3,31) is monotonic, However, for a finite object, we can expect that
(3, 32) will exhibit resonances associsted with the length of the object, as shown in Figure 2, The internal
resonances exist in principle; in practice they would have to be located experimentslly, An interesting
possibility is that of accidental coincidence of internal and externai resonances lesding to an unusually large
interior response, Heretofore, unexplained pesks hsve occurred in experimentul dsts taken on missiles,

ENVELOPE OF RESONANT RESPONSES

%]

K—e

Fig. 2 -~ Sketch of interior response of a finite object
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An approximate formula accounting for the coupling to a simple circuit inside a eylinder is not diffi-

cult to derive. Consider th» simple circuit of Figure 3.

5 2 ) -

: ; ;
[ =

' | 2w |- - L |

Fiv, 3 -- Simple circuit inside alotted cylinder

1t will be assumed that the voltage induced in the circuit is given simpiy by

v, =§)E-ds = -pujﬁ-ﬁda, (3.33)

and that the unperturbed fields (for the cylinder with no circuit) can be used in the computation, At reso-
nance, (3,14), (3,26), (3.28), (3.33), and Ohm's iaw for the circuit combine to give, for the current in the

circuit,

|11 ”—-—-——T-HOKD 7 -—-(—)-——J‘ Tz, (3, 34)

| ' . [ 4EO }JO(EX‘%'.)ZOI

Away from resonance, Y  mustbe reteined in (3, 14) and the integration must include all the modes of
{(3.28), At high frequencies, E, wiil be one of the large roots of Jo(x)' and Jo(srp—") wili contain several
nodes., One can choose g’ auch that (3, 34) is identically zero and then obtain sn appreciable nonzero
result by changing o’ only siightly, This rather unphysical ambiguity is the price one pays for the
simpiification achieved by neglecting the higher order interactions between the eircuit and the field snd
treating the circuit as a wire of zero diameter. The formuia may, however, be useiul at low frequency,

In ail of the theory derived 8o far we have assumed a lossiess interior, Under this assumption reso-
nant terms dominate in various expressions so that a great deal of simplification ia posuible at the resonant
frequencies, In probiems involving compiicated lossy interiors, arbitrary iliumination, and finite objects

= [ gl ] e 2
] i

In (3,35) P is the icak iocation, P’ is the circuit iocation, I. and a are the length snd rsdius of the
object, and { is the appiied {requency, F(P’, L A a) is some compiicated (and underivabie) fune-

wc postulate that

tion charactcristic of the interior of the object. In a truly complicated wituation all that is left is a way of
thinking about the problem which may be useful to the experimentalist. An obvinus objection to (3. 35) is
that it is suggcsted by a particular case in which there is only a TM field, However, it is known experi-
mentaily that the component of the ifllumination which 18 polarized in the direction of the longitudinai axia
of a missiie is the most effective in producing unwanted currents in circuits inside the missiie, Also,
gross approximations are perinissible, Any dearribing function which proved to he usefui and reiiabie to

within, say, t5 db would represent an improvement over other attempts to conatruct a theorctical model,
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It shouid be clear by now that this approach is a generaiization of the earlier approach hy Harrison
which was discussed briefly in the introduction, The factor [H;nc + Hl:!] {times 27a) can be regarded
4s a constant current generator fecding admittances associated with the siot and the interior of the object.
Return to the eariier theory involves regarding the iliumination aa a plane wave and tne object aa a linear
antenna, connecting the ioad circuii across the slot, neglect of the intcrior fields, and, finaliy, the
transformation {ron: an cquivaient circuit representation invoiving a constant current generator to one

inveiving a voitage gencrator whose open circuit voitage is given by linear antenna theory,

4, Conclusions

We have demonstrated tne intimatc connection between the interior response of a leaky oliect illumi-
nated by electromagnetic erergy and the scattering soiution for a congruent cbject with no leaks. This part
of the paper will be devoted to pointing out some implicationa of the results for those concerned with
electromagnetic interference with ordnance or other induatrial problems of radio~frequency interference,
The work is applicable in those situativus where the iocation of the leak is known, Access ports on rockets
and missilea provide an example,

It has been shown that interior response breaks rather neatly into three factors: the current density
for a acattering problem, a factor depending on the slot admittance in the transmitting mode, and the
interior response-per-unit voltage, The theory suggests an alternative to prescnt experimental techniques
which involve radiating the object and measuring the interior response. Instead it may be advantageoua to
atudy the interior response directly by attuching a feeding transmission line tn the leak and normalizing the
rcsults to unit applied voltage, Measurements of this type can be carefully performed in a laboratory, Siot
admittance could be measured in a realistic environment. No other messurements would be required in
any situation which allowed even an spproximate treatment of the scattering fsctor, Linear antenna theory
may serve well in this regard at low frequency.

Factorization nf the interior resp isc ptually useful in another way. Suppose that empirical
changes are made in the internal layout of a missile which reduce the levels of currents in hazardous

circuits, Factorization allowa the conclusion that a design improvement for one type of illumination is,
in fact, an improvement for any assumed distribution of illumination,

Although we have emphasized the importance of the scattering soiution, not much help ean be obtained
from the literature of scattering theucy, Most of existing theory is concerned with far field expressions;
current density on the scattering object is the qusntity needed here, Although linesr antenna theory may
be used at low frequencies much of the scattering theory relevant to the hazards-to-ordnance problem is
yet to be deveioped, Thick cylinder theory, both in the trausmitting and scattering modes, could make a
considerable contrittion to the hszards prohiem. Another fruitful field of research would be the Inter-
action of clursicai objects with {lluminating ficlds other than plane wave, In particular, the intersction of
reaiistic antcnnas with sirface waves is a much-needed study. It is hoped that there remsrks will help

ordnance engineers to identify relevant literaturc should it hecome available in the future,
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missiles can oe

In closing, we should not leave the impression that the problem of electromagnetic leakage into

“solved" inthe same sensc that a well-defined preblemn can be solved. One only necds

to glance at the complicated interior of a misslle and tlien to imagine an exterjor problem containiny an
electromagnetic junglc called a gantry crane to be convinced of the difficulties, Fortunately, not all
situations are that complicated, In any case, the most that can be achieved is an engineering solution

involving an intuitive synthesis of theory, experience, and engineering :adgment,
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AsPENDIX A

RECEIVING CROSS SECTION OF INEFFICIENT ANTENNAS
Several texts establish the formula
AZ
AS, 4) = - G(8, ¢) (a-1)

relating the receiving cross section and gain function of an efficient antenna, Slight modification of a typicai
derivation (Siiver, 1949) suffices to demonstrate that (A-1) is also true for lossy antennas, We define the

gain function as

P(8, ¢)
P L/ o
SULRS ol (a-2)
where P(6,¢) is the actual radiated power per unit solid angle and P'r is the total power injected into the
antenna terminals, The ratio of [ P(9, ¢)dn to PT is the trarsmitting efficiency, @, The veceiving cross
section is defined by

(8, 8) = A(8, 9)S, (A-3)

where § is the intensity of an incident plane wave and p(9, ¢) is the power delivered to a ioad. From the

reciprocity theorem for antenna patterns,

A6, 8) 00,0 ol
M M

In (A-4) the factors AM and GH serve to normalize the receiving and gain patterns, Denoting the average
of A(9, ) by A, it Is now casy to show that

A9, ) =2 e, o, (A-5)
Now consider two antennas, a and b, with a transmitting energy to b, Under matched conditions,

T 2 2
GGA, lemr?RR |1 |
= = 3 R (A-6)
b fv,l

where r is the distance between a and b, R. and Rb arc the antenna resistances, i. and Vl are the
terminal current and voltage, respectively, of antenna a, Recvursing the roles of the antennas as trane-
mitter and recciver prevides another equation which is derivable from (A-8) merely by Interchanging the
indices a and b, The ratio of these expressions, together with the relation ilVb = ih\'b from the
reciprocity theorem, glves

'\b

—, (A-7)

A
LAY "b
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Average receiving cross section divided by transmitting efficiency is a universal constant for all antennas.
Choose the constant as X2/4rf in the usual way by considering an efficient snort dipole, 1t is now apparent

that (A-1) is true for iossy antennas,

APPENDIX B

EFFECTIVE LENGTII OF AN INFINITE CYLINDRICAL ANTENNA

The basic definition of the effective length (Schelkunoff, Friis, 1952) of an antenna of length 2h is
sh
z)dz
{

N~ S b
ett 1(0) ! (8-1)

where 1(z) is the transmitting current distributioa along the antenna and 1.0) is the input current at the
antenna terminals, It is customary In antenna theory to introduce an idealized driving generator such that
the electric field in a narrow gap in the antenna surface at z = 0 is given by ~V&(z). The resuit of this
idealization is a short-range singularity in I{z). Strictly speaking, (B-1) is identically zero for the &-gap
theoretical model, The significance of the singularity and means for removing it have been discussed

previously (Duncan, 1962), We shall replace (B-1) by

1 (*"
Lee- ?J’ U(z)dz, (B-2)
4 Yem

where Y' 1s defined by a procedure which smooths out the singularity Inherent in the & -gap model. Values
of ‘1' corresponding to several values of K are given in the reference. With (3,11) and the Fourier

inversion theorem one nbtains

H (Ba) .
2w " g e e Y
o -

From (B-3) it follows by setting o = 0 that

13

I R
"'l(z)dz g Zy TG (B-4)

Now (B-4) can be combined with numerical data for ¥, according to {B-2) to give the effective length of an

infinlte cylindrical antenna, Curiously, it turns out that “.HI > A/4,
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13. ANALYSIS OF RESPONSE OF THERMOCOUPLE INSTRUMENTED
DEVICES 10 SHORT-PULSE TRANSIENTL

Richard K. Fry
D. Boyd Barker

University of Denver
Denver, Colorado

With the assumption that the bridgewire, thermocouple and re-
cording instrument behave as successively-coupled, linear systems,
an wnalysis was performed to determine the response of the several
components of the system to short pulses of electricel energy into
the bridgevire. Both gqualitatively snd quantitatively the mathe-
matical model s0 devised agrees with the experimentally determined
behavior of the physicel system. This model and its verification
make possible the celibration of instrumented devices to recover
pulse energies and/ or bridgevirs tempersturs from the output of
the recorder. Teble 1 lists all the symbols used.

TABIE - 1
T, - temperature of bridgevire sbove subient, °C

T, - tempersture of thermocouple sbove ambient, °C

S
[

dissipation constant of bridgewire, vatts/ °C

T - time constant of bridgevire, msec

ot
'

time constent of thermocouple in instrumented EED, msec

o=t
]

rise time of therwocouple for short pulss into bridgevire, msec

T, - time constant of recorder, msec

1. This vork vas supported by Sandie Corporation. The complete

analysis end experimental results mey be found in reference 6.
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C, - heat capacity of bridgewire, joules/ ‘C
P - power delivered to bridgewire, mwatts
~ voltage output of thermocouple, mxvolts
¢ - deflection of recorder, cm
C - steady-state ratio of P to v, mwetts/u volis
C' - steady-state ratic of P to @, mwatts/cm
D - steady-stete ratio of T to v, °C/ u volt
D' - steady-state ratio of T to @, °C/em

E - energy of short pulse, u joules

RESPONSE OF THE SYSTEM TO SHORT-PULSES OF ENERGY

The analysis of the effect of short pulses of power upon bridge-
wire temperature has shown that for a pulse vhose dureation is short
compared to the bridgewire time conltmt,a the temperature approxi-
nates & step discontinuity which is proportionsl to the pulse energy
and inversely proportional to the heat capacity of the Yridgewire, i.e.,
T=E/C,. After the step discontinuity at the time of the pulse, the
bridgevire's temperature decays exponentially with the dridgevire's

characteristic tiue constant (Figure 2).

T = £ ep (-2/z) (1)

g

2. A short pulse ¢s used here is one vhose duretion is on the order
of 1% or less of the bridgewire's time constant although the con-
clusiona hold to & fair appro:timstion for pulses vhose duration

is as high as 10% of the bridgevire's time constant.
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The analysis has also shown that for short pulses of power into
the bridgewire, the output of the thermocouple exhiditvs a step disconii-
nuity in its time derivative at the time of the pulse. The dig~ontinuity
in the time derivative !s proportional to the pulse energy (Figures 1

and 2).

vit+) = v (t=) + 2‘%?; @)
After a characteristic time which depends upon the thermocouple and
oridgavire
[
5 5oy () (3)
the lifference between the thermocouple output and what it would have
been vere there no pulse, achieves & maxipum. The maximum differ-

ence 1s proportionsl to the energy of the pulse (Figures 1 and 2.)

£ (g) 7 n

Voar " TC (W)

Figure 1 is & graph of thermocouple output for a short pulse of energy

into the bridgevire ss celculated from

ve o {cxp (~t/t,) - exp (-t/t)) } (s)
by assuming & ten millisecond bridgevwire time constant and & 40 milli-
second thermocouple time constant. (Figure 5 is e typical experimental
record.) It is vorth notimg that the ares under the curve is also

proportional to the pulse emergy.

[ vet - ek (6)
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To illustrate the theory, Figure 2 is a graph of tridgewire
temperature and thermocouple output as a function of time as predi~ted
by this analysis when the power input into the bridgewire is short
pulses. Calculations for this graph were mude from the appropriate
equations. The two time constonts 7, and 7, wers chosen to be 10
milliseconds and 20 milliseconds respectively. This gives the cher-
scteristic time ( Z;) of 13.9 milliseconds after a pulse tist the thermo-
couple outpit achieves @& maximum over whet it would have been were
there no pulse, (Note that the whape of the curves would be different
for a different pair of time constants.) Cslculations for the graph vere
based upon the initial conditions of ambient temperature and gero thermo-
ccuple output. Pulses of energy, E,, E, and Ey, vwhose durations ere 100
pseconds or less, strike the bridgewire at ts0, t+20 and t250 milli-
seconds respectively, The relative ratios of the 3 rulse energies, I, :
E,: E,, are L: 1: 2. Since the pulse duretion is 100 mseconds or less,
it is Justilieble to greaph the bridgevire tempersture as & step discontinu-
ity et the time of the pulse vhen actually the bridgevire's tempsrature
rises continuously during the pulse duration. The same argument holds
for the discontinuity in the slope of the thermoetouple voltage.

On the graph, J is the proportionality constant betwsen the mexi-

mum effect of @ given pilse on thermocouple voltege and the pulse energy,

L

- e (£)77
(1)

and 7, is the 13.9 milliseccnd charecteristic 1lse time for the system

of 8 10 millisecond bridgevire and & 20 millisecond thermocsouple. MNotice

that this rise time is the time after the pulse that the thermocouple

voltage achieves & maximum above what it woculd have been were ihere no

pulse. This does not mean that the voltage itself necesssrily achieves
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a maximum velue 13.29 milliseconds after the time of the pulee. {In-
spection of the graph indicates this.) Also notice that the peak voltage
when multiplied by the steady state calibration gives the tempersture of

the bridgewire at the time when the pesk voltage occurred but this tem-

perature is markedly less than the peak bridgevire tempersture which
occurred previous to the recording of & maximum voltage. In fact,
the higheet peaks of voltage do not necessarily correspond to the highest
tempersatures achieved by the bridgewire: the voltage peaks due to
puleee 1 and 2 are about the same height, yet the tempersture achieved
by the bridgevire i{s three timee as high for pulse 1 as for pulse 2. Por
the voltage peaks due to pulsa 2 and 3, the higher voltage corresponds
to the lower maximum tempersture. These considerstions indicate
that some care must be used in interpreting the voltage output of a
thermocouple which {s instrumenting an EED.

Another conclusion can bs drewn from the anelysis concerning
the thermocouple; 4if the thermocouple's heat capacity is deereased,
e. £.; by using & thinner substrate, thereby decreasing the thermocouple
time constant, then the voltage of the thermocouple vill achieve & higher
saximum above what it would heva been vers there no pulse (eq. &).
Figure 3 is & greph of the voltage output, for thermocouples with various
time constants {in milliseconds), all other conditions being identical,
and for & bridgevire time constant of ten .illiseconds, for short pulse
inputs into the dridgevire. An instently responding thermocouple's
output replicates the dridgsvire tempersture. PFor slover responding
thermocouples (vith the sane de sensitivity) the pesk is delayed and
lowered. It is interesting to note thet the ares under esch of these
curves {s the same, snd that the retio of pulse energy to area under
the curve depenis upon the steady state ratio of voltage output
of thermocouple to input power into bridgevire (eq. 6).

13-5




When the voltage of the thermocouple is used to drive & record-
irg instrument, the recorder's time renmponse, unless instantensous,
distorts the transient response to short pulses in three significant
ways; slthough the voltage of the themocouple suffers a step dis-
continuity in its time derivative at the time of the pulse, the output
of the recorder is continuous in its time derivative. The other two
distortions caused by the recorder sre that the recorded peak is both
lowered and delayed in time from that of an instantly responding recorder
(which replicates ths thermocoupls voltsgs). Pigure i is & graph cel-
culsted to shov tha affect of tha recorder's time constant upon the
response to short pulses.

9(!)-#;-—_5){;‘-?_‘,—; ev(’é) -‘,’?z;’anp (-'é-) ’f!:‘-g.l:f& ..p(.'é)} -
The recorders are assumed to have the same dc calibration. An in-
stantly resoonding recorder and thermccouple replicates the bridgevire
témpersture. An instantly responding recorder replicstes the thermo-
coupls output. For other than instant responss the effects mentioned
sbove are evident. It will be noted that the areas under these curves,
tco, are the same and depend only cn the pulse energy and the steady
stats retio of recorder output to power into the bridgevire. The
saximun recordsr indicstion is proportiomsl to the pulse energy. Eow-
ever, an expression for the pesk height is not as essily obtained ss
for an instantly responding recorder (eq. 4). The msxtwum value of
equation 8 a3 4 function of the time constemts wust be evalusted by
numerical methods.
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METHODS FOR RECOVERING PULSE ENERGY AND
BRIDGEWIRE TEMPERATURE

The theoreticel analysis suggests two methods tor recovering the
pulse energies from the recorder's output, and two methods for recovering
bridgevirs transient temperatures.

Since the peak of the recorder output is proportionsl tc the pulse
energy (eq. 8), the pulse energy can be inferred from the peak height
and a knovledge of the proportionality constant. A direct calidration
seems most casily achieved and accurste. Pulses of known energy cen be
introduced into the bridgevire by discharging a capacitor. The capacitor
value is chosen to give the pulse a sufficiently short durstion. The
ratio betvevn this known energy and the weasured peai recorder indicatican
provide a means of determining unknown pulse energies from the height of
the recorder indicatiom.

Sinne the ares under the galvonometer record is also proportional
to energy, the pulse energy can be calculated from the ares under the
curve and a knowledge of the proportionality comstent C'.

E-C'/Galt ()

This method {a appiiceble for other then pulse inputes into the dridgewire
and such s integral will result in the total energy supplied to the bridge-
vire for a given period of time if the limits of integretion are betveen
Quiescent values of recorder output,

One method of teuperature recovery is applicable omly to short
pulse inputs. It is based upon the fect that the dridgevire pesk tempere-
ture due to & short pulse is proportional to the pulse energy and inversely
proportional to the heat capacity of the bridgevire. This result is inde-
pendent of vkether the squid is loaded or instrumented provided the




pulse duration is short compared to the bridgewire's time constant in

the given *hermal envircnment. Thus for short pulses of energy

Twax = £/, (10)
The pulse energy, E, can be found from either of .the two described
methods and a knowledge of T, , the bridgewire heat capacity, can be de-
duced from the product ol the bridgewire's time constant, 7, and the
bridgevire's dissipation constant, J , both of which cen be measured.

A second method of temperature recovery iu of more general applica-
bility: the equation relating recorder output to bridgewire temperature
is:

T =D {6+(5+5,)6 + 57,8}

(1)
where D' is the stesdy state retic between bridgevire tempersture and
recorder indication. If the time constant of the recorder, % is

negligible ccmpared to the time constant of the thermocouple, Z; , then

Tee)= 0 {6+ 5,6} (12)
It has been suggested (refs. 2,3) that a computer be used to racover
the bridgevire temperature from the thermocouple output through
equation 12. An analysis of the computer requiresents for stadility
and drift bas been carried out (ref. 4). Because of these reguirements,
it wvas suggested thai 8 laboratory computer witk adjusteble paremeters
D' and 7; vould be the most feasible for dats reduction. The expense
and complexity of computeras for each instrumented would be pro-
hibitive. (See raference 2, 5 and & for a mors complets discussion.)
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It should be noted here that the recorder of the thermocouple output should
have a response time much faster than the thermocouple and shouid have

an output easily transformed into & voltage in order that such a data re-
ductior. system be meaningfully utilized. If a computer is not used, the
dsta could be manually reduced for selected points by a measure of v

and dv/dt from a graph and using the constants to calcultate the tempera-
ture of the bridgewire. With only a little experience the person reducing
the date would be able to recognize the points corresponding to high

brilecWice temperature and calculate only these.
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Figire 2.
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Figure 1. Thermocouple voltage due to a short pulse of energy into the bridgewire.
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13. DISCUSSION

Mr. Davey of The Franklin Institute commented that one can
conduct a DC Bruceton sensitivity test of the explosive device,and the
instrumented device can be calibrated under the same input cornditions,
Good agreement has been found between instrumented EED readings and firing
sensitivity. This has been done primarily for relatively long=duration
(10 second) pulses.

A representative of NWL commented that in his experience a
correction was found necessary for this to be accomplished.
Another person commented that his organizetion experimented with

platinum wire thermometers as a means of measwuring bridgewire temperature,
This technique can permit the device to remain loaded with scme inert

material or with the explosive itself,

A comment was made that measuring bridgewire resistance using
conventional means of doing this (Wheatstone Bridges and similar devices)
would cause an entirely different RF picture by creating different imped=

ances and coupling.
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14. METHODS OF MEASURING RADIO FREQUENCY
POWER AT A GIVEN POINT IN A
HIGH LOSS SYSTEM

By

G. H. McKay, N. P. Faunce, R. F. Wood, P. F. Mohrbach
The Franklin Institute

1. INTRODUCTION

One of the major problems that has always existed in the field
of radio frequency measurements has been the accurate determination of
RF power. In recent years, measuring equipment has been refined so that
accurate measurements of this power can be made at any point where it is
possibie to introduce measuring equipment. If the system being used
can be assumed lossless, then the power determination one might make
from the port of a directional coupler placed in the system can be expected
to be a reasonable representation of thz power passing some other point
in the system. Today, stardard line components placed in a system with
a very low voltage standing wave are good approximations of lossless
systems.

In the evaluation of the behavior of electroexplosive devices
when exposed to RF we rarely are fortunate enough to have small standing -
waves. Most standard laboratory equipment has a characteristic impedance
of 50 ohma and most EED's have an impedance differing greatly from this.
When it is necessary to couple the power from a 50-ohm system into an
FED by an impedance matching device, the resulting standing waves between
the matching device and the EED may become quite large, so that the
system components begin to cause losses comparable to the losses in the
EED itself. Under such conditions it is obviously inaccurate to assume
that all of the power matched from the generator into the system is
arriving at ithe EED, While it would be advantageous to have RF systems
in which the system impedance was the samec as the termination, at the
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present time this would be too vast a problem for the large variety of
impedances represented by the many kinds of EED's. The alternative,
then, is tc determine either the losses in the measuring system or the
amount of power actually arriving at the EED.

While there are probably many ingenious ways of approaching
this problem, we are at present investigating three, and two of these
are actually in operation. We will refer to these techniques as the
differential power technique, the voltage-impedance technique, ani the
voltage-min-max technique.

2. THE DIFFERENTIAL POWER TECHNIQUE

Figure 1 shows & block diagram of the components necessary for
the differential power :measuring system. Superficially, the concept is
relatively simple. Using directional couplers, we are able to measurs
the incident and the reflected powers in a transmission line. The
difference between these quantities is the net power flow, and if the
couplers can be located close to the load one has a good approximation
of the power arriving at the load. If most of the power is being
raflected from the load then the difference between the incident power
and the reflected power becomes very small and the errcrs can be such
that the method can become practically useless, The cumulative errors
involved in this approéch can be somewhat minimized by using one meter
for both the incident and the reflected power determination, In this
case, the meter can be adjusted for zero reading when the line is
terminated in a short eircuit, that is when the incident power equals
the reflected power. If the detectors are properly selected and
carefully calibrated, the major errors of this technique are related
to the reflection coefficient of the termination, and the dirsctivity
of the couplars used.
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The error equations are:

% srror

+
100[-'&%- -0 )
1-p

e

o

1
where 0y = Intilog (D/20)

D = directivity of couplers (db)

pe = reflection coefficiznt.

The curve of these results is plotted in Figure 2. From it, one can see
that the possible error becomss quite large as the reflection coefficient
approaches 1. The greater the directivity of the couplers, the more
reliable the results become, but even then the maximum error approaches
one per cent for a reflection coefficient of 0.55 and 10 per cent for
reflection coefficients of approximately 0.92. It should be noted that
this analysis is based on maximum error. Directivity error occurs
because directional separation is not perfect, so that part of the
reflected power is measured with the incident power and vice versa; the
error may be reduced by use of phase shifting techniques. In the
development of the error equation it was assumed that the desired and
undesired voltages aid at the coupler auxiliary ports, in the phase
relationship that produces maximum error. Adjustment of this phase
relationship could greatly minimize the directivity error.

This technique would seem to be capable of good precision with
sultable refinements. However, for our specific needs at the moment it
was decided that other technigues could be brought to a usable stage
more quickly. Additional refinement was therefore temporarily suspended.




3, THE VOLTAGE~IMPEDANCE TECHNIQUE
The net power passing a point on an arbitrarily terminated

transmission line can be calculated by measuring the RMS voltage and
the input impedance 6f the line at the same point, Figure 3 shows a
diagram of the transmission line and its equivalent circuit, The input
impedance, Zs’ is measured looking into the load from a point at a
distance s from the load, Since the voltmeter input impedance parallels
ZS » it will not affect the measurement of load power, although to

the generator it appears as an additional load, The power dissipatsd
beyond the voltmeter junction can be expressed by

P, =V Re(Y,) =V %0, (watt) (2)

where

Pnet = power dissipated beyond point s

Vs = magnitude of RMS voltage neasured at point s

Lt
]

input admittance of trausmission line at point s

@
if

real part of

)
[

imaginary part of

(=]
[}

real part of Ys'

This can be reduced to

v.%R

P, = el yutt (3)
net R2 + X2

where
R = yeal part of Zs the input impedance

X = imaginagy part of Zs.
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If the section of transmission line between the voltmeter and
load is lossless thern the net power is equal to the power dissipated
by the load.

The accuracy of the power determination depends on the
accuracies of the voltage and impedance measurements. The voltage
measurement accuracy is generally good (+5% or better) at frequencies
up to about 500 Mc. Above this, special calibrating methods must be
used. One such method involving a calorimetric power meter is sihown
in Figure 4. The power meter terminates the transmission line in a
matched impedance (50 ohms); hence the magnitude of the rms voltage
(V) at any point on the line equals the incident voltage to the

calorimeter. This voltage is

vV = FR
o]
where
P = power measured by calorimeter
Ro = characteristic impedance of the transmission line.

The voltmeter is connected at any point on the line and
calibrated against the calorimeter reading, which is accurate to better
than +5%. Since our calorimeters are good up to 100 watts, a maximum
of about 70 volts rms can be calibrated directly.

Impedance measurements are made with several instruments, the
choice depending on the frequency. Accuracy generally falls off for
low impedance measu e-ents, however, which is unfortunate since most
of our terminations :» ve impedances of about one ohm,

The overall accuracy or the voltage impedance method of measuring
net power can be computed for various magnitudes of load impedance
ond frequencies, given the individusl accuracies of the system components.
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4, THE VOLTAGH MIN-MAX TECHNIQUE

The net power through an arbitrarily terminated transmission

line can be expressed in terms of the voltage standing wave maximum and

minimum by
J vV .
_ _max ‘min
P = —5——" (watts) (4)
o
where
P = net power (watts)
v = RMS magnitude of line voltage at a voltage
max ;
maximum (volts)
Vmin = RMS magnitude of line voltage at a voltage

minimun (volts)

Ro = charzcteristic impedance of transmission
linz (ohms)

In actual practice, if one places a slotted line with a probe between
the matching section and the termination, the proper readings can be
taken to show the power passing this point,

While in principle this is simple, there are several special
questions which one must consider, First, is it possible to use the
concert with waveguide, since it is difficult to define characteristic
impedance with waveguide? Fortunately, the answer appears to be yes,
if we make use of a quantity. Dx’ the scale indication in arbitrary
units of the galvanometer used with the probe,

Then, sz
g = £(D,) (watts) (5)
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Vx in this expression is the vultage appearing at the probe when the
line is *erminsted in a power meter with a characteristic impedance

aqual to that of the system. Vx is also given by

v = P, R, (volts) (6)

where
PL is the power mezsured by the power met-r
as a load.
This being accepted, we can calibrate the crystal detectors of the probe
in terms of Dx' If this calibration and all subsequent calibrations
are carried out within the square law response of the crystal detectors
then it can be shown that

o
li

x[nw Dosn b (vatts) (7)

where

S
T (watt/volt)
X

=
li

“his expression can be used directly with waveguide systems and wave-
guide slotted sections.

Since the measurement requires two voltage resdings physically
separated by a quarter wave length, one might also raise the question
at which point in the line is the power really being determined. An
analysis of the problem with the assumption that the losses per unit
length of line are very small leads to the expression

qzz—zm—)- (8)
$2.1




This gives the distance, expressed in waveleagths, from the pocsition

at which S, the standing wave ratio is strictly correct, to the poeition
where Vmin is measured, It is apparent from this expression that S

need not become very large before the point of power measurement is
located very close to the vmin poeition, Figure 5 is a plot of equation 8,
It can be seen from this that by the time the VSWR has reached a value

of 7 the distance from the an poeition is extremely small., Ae S becomee
small, the location of S moves away {rom vmin’ but likewiee the line
losses became very small,

One other point should be made regarding thie approach., When
the wave length ie short enough, eeveral Vmax - Vmin values can be found,
and determination of the actual loseee along the line can be made, The
data can then be extrapolated down to the base of the teet device, We
are presently making uee of this syetem in the 1 Ge¢ to 10 Ge frequency

range,
5. CONGLUSIONS

Three methods for determining the actual RF power paseing a
given point in a lossy eystem have been deecribed, All three of theee
syetems have been actually aeeembled and used and two, the voltage-
impedance and voltage minemax techniquee,arc in common use in ocur firing
syetems at the preeent time, In general, we have found the voltage-
impedance system effective and the more easily ueed eyetem at frequenciee
up to 500 Mo, and the voltage min-max eystem more effective from 1 Ge
to 10 Ge. From 5C0 lic to 1 Ge either system ie used, These techniquee
have gone a long way toward eolving the problem of determining the
actual RF power dieeipated in electroexplosive devices, However,
considerable refinement ie still neceeeary., Furthermore, alternative
eclutions must be kept in mind, for the iield of RF measurements ie
eurely not a static one at the preeent time, While little is certain
in thie field, the regions of doubt are growing ever smalier,
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15, DETERMINATION OF RESPONSE OF RF
INSENSITIVE DEVICES

by
N. P. Fsunce, G. H. McKay, R. R. Rsksnis, R. F. Wood, P. F. Mohrbach
The Franklin Institute

I. INTRODUCTTON

All radio frequency fixes are compromises. Some choice of
balance must be made between producing minimum effect on the normal
firing signals and maximum effect on any other electrical signal. Fixes
nmust bte particularly effective in high intensity RF environments.

Within this area there are a great number of possible approaches to the
problem, and each one poses its own special set of obstacles when it is
necessary to evaluate their effectivensess.

In the general class of RF-insensitive devices one could
include dissipative filters, inherently insensitive electroexplosive
devices EED's containing integral attenuators, lossy transmission lines,
shielded transformers, special relays, and many others. In evaluating
the many types, it is useful to bresk them into two broad categories:
First, those that are integral parts of the EED go that they are
virtually inseparable; and second, those that can either be easily
separated from the EED or ars already separated and are to be added
as circuit components at the discretion of the designer. While eac¢”
of these has special problems of its own, there are certain general
requirements for tests that can be set down [or all types. A brief
list of such requirements might include the following:

a, Datermine the sensitivity of the devices to de
stimuli, or the degree of alteration of de stimuli
by the device under test.
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b. Determine the degresz of RF rejection over the
frequency range of 20 Ke to 10 Ge. This should
be determined under worst-case conditions whenever
possible.

¢. Determine the ability to withstand substantial
power absorption without marked degradation.

d. Determine the degree of temperature rise produced
in the test device by absorbed power.

e, Determine the behavior of the device at temperature
and humidity extremes,

Having set forth these general requirements, we can now turn
our attention to some of the specific evaluation problems.

2. L ) E

The dovices in this category represent a wide variety of types.
They are characterized by the fact that attachments can be made both
to their input and to their output, although the design can call for
a specific output impedance. The fixes in this group include electric
wave filters which depend primarily on reflections from discontinuities
and are characterized by the classical L-C filter, dissipative filters
such as the solid state attenuating materials, which actually convert
electromagnetic energy into other forms (usually heat), arming systems
such as the solenoid relay, which depend on shielding of the electro-
sxplosive device, and composite filters which make use of combinations
of all these techniques, such as the RIG (radiation interference guard).

The most. important consideration is the amount of RF
protection provided. For devices which are not designed for a specific
terminating impedance, the characteristic of prime interest is its
worst-case attenuation., This is the least attenuation afforded under
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any conditions of source and terminating impedances. At the present
state of the art in the laboratory we determine this attenuation by
two methods.

Figure 1 is a block diagram of a measurement system using
matching networks. In this system a lossless piece of transmission
line is inserted between the supposedly lossless matching systems, and
the systems are adjusted until maximum power is indicated on the power
indicating terminstion, and recorded. At this point the reflected
power indicator will read geru., The device to be tested is now placed
between the matching systems, which are adjusted so that again the
reflected power reads gero and the power indicator reads a maximum,
The attenuation in decibels is ten times the logarithm of the ratio
of the two powers. To the extent that the lossless matching systems
are perfect (i.e., are capable of transforming any impedance into any
other impedance) this procedure gives the worst-case attenuation. This
is so, because the matching process eliminates reflection of power,
and the remaining attenuation is inherent, bheing true dissipetion of
energy. At the present tims, one can obtain relatively efficient and
lossless matching devices in the frequency range from approximately
40 Mc to 10 Gc and concelvably to even higher frequencies if desired.

At the present time, however, the lower frequencies are, in
genaral, taken care of by lumped component matching systems which tend
to be inherently lossy and limited in their range of matching ability.
Because of the problems inherent in this approach at low frequencies
another system has been worked out which makes use of a unique
dissymmetrical=T network model determined from impedance measurements
of the test device. A full discussion of this procedure is presented
in a separate paper in the minutes of this meeting.

15-3




This measurement is shown diagrarmatically in Figure 2.
Briefly, the real network is first described as an equivalent
dissymmetrical-T. This is done by operating on input/output impedance
measurements made on the network. From the knowledge of the model's
components we next calculate the termination (ch) which will absorb
maximum power. Finally, we evaluate the ratio of the input power to
the power dissipated in the worst-case termination. Thc attenuation
in decibels, dbwc,is ten times the logarithm of this ratio. Becausze
of the compiexity of these calculations we avail ourselves of a
digital computer. The system is limited primarily by the accuracy of
the impedance measurements and at the present time we are limited to
a maximum of 30 db for accurate results. The technique is effective
over the frequency range of 20 Ke to 100 Me.

Figure 3 presents data for two typical devices subjected to
these measurements.

While there are special evalusticn problems(ror example,
devices with very low impedances make matching and accurate impedance
measurements very difficult), these attenuation measurement techniques
are applicable to Just about every insertion type device. However,
there are some devices, that have been designed to operate with
specific terminations. In this case, the worst-case attenuation value
would not be entirely fair. For this typs of davice we evaluate the
"termirated powe. loss" (TFL).

Many different arrangements are used to make this determinstion,
but basically the method consists of mounting a bridgewire of the
proper terminating impedance at the output of the device. Power
dissipated in this bridgewire is than determined. In one method of
doing this, an infrared detector, situated over the bridgewire, is
calibrated in terms of bridgewire heating for a givern power dissipation.
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On the input ond of the device it is necessary to determine the amount
of power entering the unit. One commonly used system particularly at
the lower frequencies is to determine the voltage and the impedance

at a point close to the input interface of the device. With this
information, the power passing this point can be determined. The
terminated power loss in db is then computed from the ratio of the

input power and the power dissipated in the termination. Figure 4 showe
a block diagram of such a system, with a plot of ti.c data from a
shislded transformsr device terminsted in a one-ohm load.

If the device successfully passes these tests then we can
proceed to investigate its effect upon dec firing pulsss, its ability
to dissipate adequate amounts of input powsr, and the amount and effect
of temperature rise on the device when exposed in large input powers.
These tests are either straightforward or depend on the same techniques
already developed for the atteruation measurements.

3. EYALUATION OF EF PROTECTED EED's

When the RF protection is an integral part of an elsctro-
explosive device, the problem facing the evaluator is considerably
different. In the case where the explosive materisl can be removed.
and the investigator can get to thu bridgewire or even remove the
bridgewirs he has essentially reduced the problem to the came as that
of the insertion unit type Just discussed and he can treat it accordingly.
When this is not possible or when one wants only & final proof test
on the complete item without removing any effects of the explosive
charges, then the investigator has no control over the output end of
the device insofar as the amount of power arriving there, It ie
necessary, therefore, to devise systems which can tell one precisely
how much power ia passing through the interface on the input side of
the device. Once this is accomplished, one can devise statistical
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programs based on the percentage of fires or nonefires for a given
rower input which will accurately define the sensitivity of the electro-
explosive devices to whatever input stimulus is being applied. These
techniques are the sams as those already developed for evaluation with
de irputs and add no complication beyond the standard statistical
evaluation of the sensitivity of explosive components.

Figure 5 shows & block diagram of a typical firing system.
Ir. theory, all of the power from the generator is tra.usferred into
the system beyond the matching section. The magnitude of the power is
measured at the directional coupler. If the system beyond the matching
system was relatively lossless, as is often assumed, ons could then
state that this measured power was delivered to the EED, Unfortunately,
because of the mismatch between the impedance of the line and that of
the termination much power is reflected, so that the portion of the
system between the matching arrangement and the termination absorbs
muich of the power. It is therefors necessary to determine either the
logsses in the system or the amount of power delivered directly to the
EED, and this must be done for each and eve:y type of device. Several
techniques are available for determining power passing specific points
in the line, and while nons are without their complications they can
be used under certain circumstances. These techniques are fully discussed
in another paper. The firing techniques are applicable to both protected
and standard electroexplosive devices.

Figure 6 shows a plot of data obtained on two devices, the
MARK 1 MOD O squib and the MARK 2 MOD O Ignition Element. It can be
aaen from the data that after correcting for system losses a substantically
flat curve was obtained for firing sensitivity versus frequency up to
1000 Mc. Furthermore, calculations indicate that the level obtained
is about the same as the sensitivity to long=time de constant current
pulses. Many hot wire devices show this behavior. However, one cannot




state this as an absolute rule and separate consideration must be given
each device., Above 1000 Mc large varistions in behavior have been
observed; and while instrumentation problems become increasingly difficult
at these higher frequencies there is considerable evidence that these
variations are a function of the electroexplosive devices themselves.

Figure 7 shows a plot of the data obtained for another hot-
wire device. In this particular case the item appeared to pecome less
sensitive as the frequency increased up to about 3 Ge. Beyond this
point there was evidence that the sensitivity increased until at 10 Ge
it was the same as at the very low frequencies.

All of the data shown on the last two figures were for CW
sources. When the stimulus is delivered in repstitive pulses, severe
changes in sensitivity are often noted. Howevsr, the problem of
predicting behavior fur any pulse width or repetition rate has not yet
been completely solved.

Numerous problems still exist. The wids variation in types
of EED'a continually present new problems. For example, exploding
bridgewire types which make use of a series gap present very large
reactive impedances while matching, but if the gap is broken down
during the tsst the impedancs suddenly becomes very small, Interpretaticn
of such conditions can be very difficult. Many kinds of devices tend
to arc at the higher frequenciss and undsr pulsed power input, and
occasionally the arc occurs at places othsr than between the leads.
Some devices appear more sensitive when the power is applied between
leads and case. The dssign of mounts strong enough to withstand many
detonations and yet properly designed from an RF standpoint is sometimes
very diffiecult, But while many problems still remsin, enormous strides
have been made.
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4. CONCLUSTON

We have attempted to give a very brief idea of the techniques
now being employed to evaluate RF fixes. In theory and, tu a large
extent, in practice, techniques are now available to evaluate properly
the FF characteristics of any RF fix over the frequency range from 20
Ke to 10 Ge and conceivably to even higher frequencies. It must be
kept in mind, however, that each device may present new problems and
may demand some modification of the basic testing procedures. Furthsrmore,
each technique has its limite either in frequency, magnitude, or impedance-
handling abilitiee; further refinement and study is required before
completely routine procedures can be specified. At the present time,
interpretation is difficult in some special cases and an investigator
mast continually question his procedures and his reeulte to be absolutely
certain that he has determined that parsmster at which he originally
aimed. However the basic concepts have been laid out and the path along
which one can proceed ie much clearer than it was three years ago.
While there is still much to be done it ie now poesible to eetablish
relatively precise relationship betwsen RF stimuli and the fixes and
electroexplosive devices and through calculation to relate this to
actual behavior under field conditions.

15-8




INPUT
POWER REFLECTED POWER
METER DETECTOR-INDICATOR

SAMPLE
UNDER TEST GALVANOMETER

MATCHING MATCHING
GENERATOR secnonf -\—szcnou
\\ ,’
ouggc;»oENAL g L THERMOCOUPLE
UPLER
e POWER DETECTOR
LENGTH
OF
AIR LINE

FIG. |. ATTENUATION MEASURING SYSTEM

o E 230
.= [

o O
O- —

?

f

FIX==THANSFORNED To-- EQUIVALENT DISSYMMETRICAL
NETWORK

Lo
3
E - g
WORST CASE
EQUIVALENT NETWORK--0EFiNEs== oo o ION

2 Tz cmnm.oo.,-',',:l
ol = & L} 0'i5
o by * 10 LOGY, PelZeTwe

F1G.2. DETERMINATION OF WORST CASE LOSS

142

A——OOMPONENT X

@ NEW MATCHED SYSTEM
O OLD MATCHED SYSTEM
WORST CASE

- Loss
TECHNIQUE

10*

FREQUENCY (Me)

Fid.3. TYPICAL LOSS MEASUREMENTS




RF
VOLTMETER

8R|DGEW|RE7

PHOTOCELL
INDICATOR

FIX |

SOURCE [ \ PHOTOTELL

RF
IMPEDANCE
BRIDGE

FIG.4 (a) TERMINATED POWER LOSS SYSTEM

3

3
S

d FIX NO. )

-]
{
7

i

TERMINATED POWER LOSS (¢b)
g

‘8.0! al | 10 100 1000
FREQUENCY (M¢)

F16.4 (b) TERMINATED POWER LOSS MEASUSEMENTS

REFLECTED  INCIDENT HIGH POWER
POWER POREIR MATCHED
INDICATOR  INDICATOR LOAD
ar
SINERATOR
UL I I e

1MPEOANCE  ELECTRO -
MATOMNG  EXPLOSIVE

DIRECTIONAL COUMLERS NITWORX  DEVICE
Fi X_DIAGRAM RE FIRING_SYSTEW

P
+




- [\ W

POWER FOR S0% FUNCTIONING PROBABILITY (w)

o

FREQUENCY (Mc)
F16.6. TYPICAL RF FINING RESPONSE

RF POWER TO DEVICE (w)
(-]

SYSTEM INPUT POWER

k
o \
ER TO BASE OF EED

il 11“11:5 FEREERII

o
FREQUENCY (Me)

FiG.7. RESPONSE OF HOT WIRE BRIDGED EED

15«11




ABSTRACTS - SESSION III

16. Recent HERO Research Progress P, S. Altman

New techniques for initiator bridgcwire instrumentation, including a

variation of the Golay cell and an infrared sensing head, are discussed briefly.
Three new devices utilizing a metallie shielding effect for the prevention of
electromagnetic hazards are deseribed., A method for non-destrueiive testing

of initiators for determination of sensitivity is presented.

17. Some Degign Considerations for RF Ingensitive D.A. Schlachter
Electroexplosive Devices

An RF insensitive device is defined and considerations for spplying RF
attenuating materials in the design of such devices are given. Emphasis is
given to the nature and amount of compromise which must be made with confllcting
requirements. Results of current work on speci=l ferrites are also presented.

18. Low Pasp Coaxis) Relay Raymond W. Heidorn

George V. Zimmerman

A low pass coaxial relay has been designed and prototyped which provides
virtually complete RF isolation for an electrcexplosiva device without inter-
fering with the efficiency of the firing eircuit. It employs novel and
unusual features to provide fast opsration, small size, and high temperature
accommodstions.

19. Low Band Paga Transformer Amron Gordon

Radio frequency electromagnetic radiation from communication and radar
transmitters has been shown to cause accidertal firing of electrically
initiated explosive devices. An ¢lfective solution to protect such davices
has been conceived and developed in a form of a small iLransformer. The
transformer utiliszes a noneferrous shield between the primary and secondary
windings causing a reduciion of the power transmitied in the stop band of
frequencies and yet permits the cperation of the transformer in the pass band.

I11-1




20. Radio Frequency Interference Huard Karl Kraus

The paper describes the radio interference guard, DC and AC operation, the
novel design, the analytical approach of DC parameters, the DC and RF test
evaluation and the power dissipation measurements. The radio interference
guard is a new approach to protecting clectroexplosive devices against radio
frequency interferences. Attenuation of radio interference guard is
accomplished by propagation through solid metal.

21. RADHAZ Proof Magnetic Coupling Edward A. White, Jr.

The RADHAZ problem with aircraft delivered weapons is attacked by completely
shielding the weapon with a conducting material. A method of communication
betwcen the plane and weapon is proposed in which low frequency magnetic fields
are propagated through the shield. It is shown both theoretically and
experimentally that electromagnetic radiation above 10 KC will be attenuated
to a negligible value for ressonable shield thicknesses and for adequste
communication bit rates.

22. A Mechanical Pulge Transformer Roland W. Schlie

Prevention of RF inputs to a bhomt fuze could be accomplighed by using a
shielded transformer. With the primary excited by the aircraft "intent-to=
drop" signal, mechanical-electrical energy transformation produces a zecondary
output when the transformer is partitioned during the drop. Thue, neither
electrical energy or bomb release occurring separately could cause fuze
initiation.

23. FKF Sengitivity of Controlled Rectifjers Richard J. Sanford

The RF sensitivity of the silicon controlled rectilier is described, as
are ways of decreasing this sensitivity. These principles are applied in
a circuit which protects electroexplosive devices against low frequency
radio signals but presents negligible resistance to the DC firing signal.
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16, RECENT RESEARCH PROGRESS

Peter Aliman
U. 5. Naval Weapons Laboratory

INTRODUCTION

This paper presents some of the developments we have observed in
the HERO research program. Thermal parameters of wire bridge initiators
were described by the Naval Ordnance Laboratory, White Oak, Maryland,
at the last HERO Congress, and continued study of these effects has
yielded some new guides for the prediction of firing sensitivity. A
pneumatic system for rf hazards measurement using the initiator dridgewire
85 a heat source .will be illustrated, and an infrared detector contained
within a squib envelope will also be shown. New HERO fixes which are
campletely adequate for the prevention of rf hasards, vhen used in
conjunction with suitably designed, conventional initiators will de
described briefly.
THERMAL PARAMETERS FOR FIRING SENSITIVITY PREDICTION

The equation P (t) = C ﬁ% + 70 describes approximately the thermal
relationship that exist in a conventional bridgewire initiator. Here cp
is the heat capacity of the wire bridge, 7 is the thermal energy loss
"constant", 9 is the temperature rise above ambient, and P (t) is the
tine dependent pover function. An additional function v = C,/7 can be
specified as the cooling time constant in conjunction with the equation
9 =00 (7/6)) t, e time constant v 1s the time interval in vhich
the temperature falls from its maxisum value 9, to 95/¢ during cooling.
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So we have:

Thermal eguation with power input.

= %€ ;
P(t) = Cpqp * 79

Cooling equation with power off
9:906- (7/Cp)t

O

yielding for the time to @ = ;9

T = Cp/y
Typical values of these parameters for the Mk 1 Mod O squib are:
Cp = 2.4 microwatt seconds/°C
y = 600 microwatts/°C
v = hOOO microseconds

Short stimulus times with t << v are associated with a firing sensitivity
which is primarily energy dependent. Wilh a firing temperature of 470°C
above ambient the amount of energy required for firing is then (470)
(2.k x 10-6) = 1130 x 10'6 watt seconds or approximately 11,00C ergs.
This value agrees well vith values obtained experimentally.

By an extension of this technigue a number of new non-destructive
tests on wire bridge initiators should be possible. For example,
initiator assembly procedures courd be checked. The correct application
of the primary explosive, or of the bridgevire to the base plug, could
be verified. Also, safe current levels for initiator testing can be
predicted.

Taking a conservative value for maximm temperature, say the 165°F
specified in Military Standard 304, and a low value for thermal energy
loss "constart", say 200 microwatts per degree C, we have 50 x 200 x 1(."6 =

10 milliwatts, or the power produced by 0.) ampere flowing in s 1.0 ohm

Lzidgevire.
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{ third application of thernel paremeters is for prodicting the
response of initistors to pulses of different lengths. The parameters
Cp end } vary from cne initlator to another. The Navel Ordnance Laboratory,
While Utk, Meryland, has found Cp to vary from 3.1 to 4.8 microwatt
seconds per degrez centigrade and 7 to vary from 250 to 560 microwatts
per degrze centigrade in & single lot of 200 Mk 1 squibs. We expect
that it will te possible through non-destructive testing to isolate from a
proeduction lot of initiators some which are semsitive to short pulses
with lower then eversge energy, and others which will require more than
the average current level of "constant current” power for firing. These
groups would consist of initietors with low velues of Cp and high values of
7 respectively.

£ study program to verify this postulate is now underway at NOL/WO.
The general applicability of these concepts to initiators has not yet
been shown. Thermel paremeters would not, of course, be expected to epply
directly to cerbon bridge, conductive mix or exploding wire initistors
because theiy mechanism of firing is difterent from the conventionsl
vire bridge initiator. We anticipate that therral parameters will
furnish a powerful tool for better understaading and improved quelity

control of conventional wire bridge electric initiators.

INSTRUMENTATION
The Marcel Golsy ceil (Figure 1.) is a thermal redistion sensor

vhich uses & Jev thermometer optically coupled to an electronic readout,
I flexible reflective dlaphragw respondc tO the pneumatic pressure by
physical displacement tnd so changes the light path in an optical system.

The particular configuration developed by Rendolph Macon College, Ashland,

Virginla, (see Figure 2.) for HIRO instrumentation uses optical fivers

.
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for the optical-electronic coupling. Through e suitable arrangement of
the glass fiber input and output bundles, the photoelectric system
produces an output signel when the bridgewire is heated by electrical
energy. This technique mekes it possible to place the thermal sensing
head (built into a Mk 1 squib case) some distence from the electronic
reasdout system. It also eliminates the perturbation of the rf fields
around the instrumented squib which would ordinarily result from the
presence of lead wires. This system is capable of measuring the heating
produced by 100 microwatts in the Mk 1 squib.

A second techngiue for rf hacards measurement consists of & complete
infrared sensing system using optical chopping and a photoconductive
detector all contained within a Mk 1 squib case (Figure 3). This system
was developed to provide fast response to bridgewire heating through the
use of a 1600 cycle per second optical chopping rate. It is presently
undergoing evaluation tests at Dahlgren.

FIXBS

Here is shown & solution tu the HERO problem (Figure 4.). It consists
of a metallic case which coupletely surrounds the initiator while also
shunting the firing leads. As an electromagnetic shield it is svccessful,
but it introduces a new problem. The initistor is greatly desensitized
because the firing current flows sround the initistor and through the shield.
This problem cen be slleviated by changing the physical configuration of
the shielding enclosure so as to increase the resistance shunting the firing
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signal. “he resulting increase in dc shield resistance makes 1t possibie
to fire the initiator with a reasonable firing current. (See Figure 5.)
Wing Comender Gray of the K.A.l's has developed an adaptation of this
approach which converts the shielded volume into a small coaxial line
wiih an iron or steel shell. This device is called the radio interference
guard or RIG. It will be described in more deteil after the coffee break
by Mr. Kraus of Beundix-Scintilla.
A second device developed by Wing Commender Gray and using the "total
shielding" approach is the low-band pass transformer. (Wigure 6.)
This device works by coupling low=frequency firing signals through the
rf shield in a transformer coupling mode, while inhibiting higher
frequency coupling. These transformers arc now being made with firing
signal insertion loss of less than 5 decibels. They will be described
in detail later this morning by a representative of Daystrom, Incorporated.
ihese "total rf shield" studies at Dehlgren have also produced e
third device of this kind, a "normally shielded" coaxial relay system,
vhich will be described by an Elgin National Watch Company rerresentative
in a few minutes.




SUMMARY
This paper has presented some of the recent developments of the
HERO research program. These developments include three new fixes;
the low pass coaxial relay, the low band-pass transformer, and the
radio interference guard, or RIG, all invented by Wing Commander
R. I. Gray of the R.A.F. and developed #t Tahlgren. Two new types
of HERO instrumentation which are presently being developed were also
described, the pneumatic fiber optic system, and the miniaturized infrared
detection system. Also, appllcations of conventional wire bridge

thermal parameters to ordnance development were discussed briefly.
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16. DISCUSSION

Mr, Kelly of The Franklin Institute asked if the heat capacity
and thermal time constant were alsc determined non=destructively.
Mr. Altman answered that these were determined by the application of low=
energy pulses by a technique that was prssented at the last HERO Congress.

A Beckman and Whitley representative asked to what extent the
miniature infrared dstector was dsveloped, Mr, Altman answered that they
have an operating unit with amplifiers, choppsr, oscillator and power
supplies. Two sensors are built into the case, Some preliminary chscking
has been cempleted on this system but mors is required,

It was asked if this unit will be available to industry,
Mr. Altran, mentioned that Measurement Systems Inc., manufactured the unit,

Mr, Amicone, of Ths Franklin Institute commented that this non=
dsstructive test method was not only feasible but alsc practicable, He
said that The Franklin Institute has been able to apply this technique to
individual initiators., Not all types have been examined at this time, but
it appears that it can be applied to mary different types.

A person asiked what the pressure equivalent of 100 microwatts
was behind the diaphragm in the Golay sensor. Nr. Altman replied that
Golay found it had two properties (1) a very high sensitivity and (2) a
good frequency respense. He had further details for interssted perscns.
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17, SOME DESIGN CONSIDERATIONS FOR
RF_INSENSITIVE FLECTROEXPLOSIVE DEVICES

D. A. Schlachter
U. S. Naval Wespons Laboratory
IRTRODUCTION
The term "rf insensitive device", for the purposes of this peper,
will define an explosive device initiated by the passage of e¢lectrical
current through a resistance wire, and having a bias sgainst rf current.
This bias will be accomplished by an attenuator designed to dissipate rf
energy at some place other than the resistance wire. Murther we will
confine the discussion to attenuators which lerd themselves to transmission
line analysis, that is having two good conductors, such as copper wire,
saparated and surrounded by material s- :ified in terms of ¢ (permittivity),
u (permesdility) and ¢ (conductivity). These three parsmeters will de
eccafined to real nvmbers so that the problem can be formulated in the simplest
possible terms. Another simplification we can meke requires some caution;
it amounts to assuming perfect conductivity in the conductors. More will
be said of this later, but for nov we make this assusption 8o that we can
use the plane wave solution for slectromagnetic waves propegating in the
attenuating material. Thus the conductors serve only as guides for the vave,
and do not enter into the solution provided they are rsasonably straight.
Without going into the details of this solution (see for instance J. A.
Stratton, Electromagnetic Theory) ve note that, for a medium in which the
conduction cwrrent greatly exceeds the displacement current, the propagation
function reduces to:

yeae s = (e VSE Bouatdon (1)
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vhere w iz the angular frequency. In the commonly used engineering
terminology, the real part, ¢, measures the attenuation of the wave.
Since this is a function of frequency, we can use it to bias the
explosive device against rf powe-.

To make this bias large, we obviously need high permesbility and
high conductivity, for the attenuation varies as the square root of both
these quantities. But with a conducting material we will reduce even
the dc power reaching the resistancs wire. This forces us to an
importent conclusion: to bias an electroexplosive device against rf power
with this type of attenuator, we must sacrifice some of the availadle dc
firing power. This is a bitter pill to swallow dbut it offers a cure for
some of our rf ailments.

THE BITTER PILL
The first question is: how much of our dc powver sust we sacrifice?

The snswer is of course another question: hov much rf attemuation do we
wvant? To knov this we nced to be able to assess the extent of the rf
hasard, a big problem in itself, so let's set that question eside and
consider some numerical examples.

Suppose we have a langth of two centimeters in which to install an
attenuator, and. further that we dave available & ferrite material recently
developed for the Naval Weapons Ladoratory by the Krystinel Corporation.?
This material has a relative permeadility of around 2000 and a conductivity
variabls in the range from 0.05 to 0.5 mho per centimster. Using

XrysSinel Corporation, Port Chester, N. Y. with Metavac !ncm,
Flushing, N. Y.; U. 3. Naval Weapcns Laboratory, Contrect K
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equation (1) we find that this stuff can have an sttenuation as high as S5k
decibels per centimeter at 1 megacycle per second, or 5.4 db at 10
kilocycles, or O db at de. Does this mesn that ve have no attenuation at
de? No, equation (1) gives this ridiculous result because we have assumed
perfect conductors. The easiest way to find dc attenuation is to use
ordinary circuit analysis; we just have to be careful aLuut the range

of validity of the result. Also we have to specify the resistance vire;
let's say it is one ohm, since that is a fairly representative value.

So, ve have tvo resisitors in parallel, the one ohm resistance wire
and the ferrite attenuator with a resistance that we can control to some
extent. The dc attenuation is ,

Z =1010g };-f-r. Equation (2)

where P is the power in the resistance vire, P, is the power in the
attenustor, and 2 is the sacrifice in & . sls. This formula ectuslly
defines the attenuation at any frequency but is difficult to spply vhea
the electrical limgth of the attemuator becomes & significent part of one
wvavelength of the applied frequency; for the case at hand, 1000 cycles
per second is a borderline situation. Also, now that we have specified
s definite resistance vire, equation (1) has limitations, which will be
daferred 8o that we cen present Table 1.

Table 1
Attenuation at dc and at 1 Mc for a Two Centimeter Ferrite Attemustor
() s a(m)
1 & .06 sho/n B o
2 & .3 mho/om og a
I&® 5 sho/om 108 &
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Note that by sacrificing & mere 3 db (one-half the firing power) we

can get over 100 db attenuation at one megacycle. Perhaps we should
stop for a minute to consider what 100 db means. It means that, to get
one microwvatt in the resistance wire, we must apply 10 kilowatts to the
attenuator. The first explosion we besr vill be the attenuator, not the
black powder. This is an unrealistic example, vut i: ewghasizes that 100
db is more than smple rf protection for all ordinary electroexplosive
devices. Tuble I also shows the conductivity that is required in the
ferrite to give the indicated attenuation. Up to the present time,

.5 mho/ca 1s a8 high ss ve have been able to go in a high permeadbility
farrite, but wvork is continuing since higher conductivity is desiredle
in cases vhere we sust have the shortest fessible attemator. How short
we can make it is the subject of the next section.

DI DYRCT OF LENOTE O ATTENIATION

It goes without saying that, for a given attenuating materisl, grester
length seans correspondingly grester attemuation. However, suppose we
have decided that we can afford to sacrifice 1 db of the firing power,
for this given sacrifice, does iL make any difference how long the
attenuator is? That's right, it certainly doss. We note that in equation (1)
the paremeters u and ¢ must be expressed per wnit length, wheress, for
camputing dc attemuation, it is the total conductivity that counts. 8o
the longer unit of length we use, the greater permeadility per unit length
can B¢ had vith o given saterial, and the greater the rf attenuation.
Since rf sttemution varies as the square root of these pearumeters, w
can double the attenuation by increasing the length four times. In other
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words, once we have decided how much dc we can sacrifice, we make the
attenuator as long as possible. The only restrictions, besides the space
available, are the range of couductivity of the attenuating material and
the nature of the firing signal. This last restriction is difficult
to handle analytically since it is determined by the frequency response
of the attenuator-resistance wire network near the edse of the pass bend
vhere response is a complicated function of frequenay. It appears that
the best procedure is to define tlhe pass band erbitrarily as the band
from dc to that frequency at which the attenuation camputed from equation (1)
equals the dc attenuation.

For example, suppose the firing signal is a rectangular pulse one
millisecond in duration, then the pass band should extend to at least
one kilocycle. The attenuation of frequency components above 1 ke
will round off the corners of the pulse and introduce some time delay
in the explosive response. The extent and acceptadility of this tise
delay are best determined experimentally since, as we said before, the
analytical problems are all but insurmounteble. A good rule of thumbd
is to take the reciprocal of the desired response time as the upper
frequency limit of the pass bdand.

Table 2 shovs hov attenuation veries with length for the ferrite having
relative permeability of 2000. We have taken tha dc attenuation as fized
at 1.8 db and varied the length of the attenuator.
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Table 2

Effect of Attenuator Length for a Given dc Attenuation

Length ) o (1 M)
lcm 0.5 mho/em 54 db

2 cm 0.25 mho/cm 76.4 av
3 cm 0.166 mho/cm 93.5 ab
b oom 0.125 mho/cm 108 db

The rf attenuation @ is again camputed at one megacycle ani the conductivity
is determined by the :given dc attenuation (1.8 db).

Now let's look at the question of length in a slightly different
way. Suppose that we have decided that we want the rf attenuation
to be 108 db at one megacycle. Table 3 shows some of the many
combinations that will yield this figure for a material with relative
permeability of 2000.

Table 3
Some Parameter Combinations that Will Yield 108 db at 1 M
Length . 2 (4c)
4 cm 0,125 mho/em 1.8 &
2enm 0.5 mho/cm 3a
lom 2.0 mho/em 4.8 av
0.005 cm 100,000 mho/cm 26.5 db

The first two entries in Table 3 were presented befors in Tables 1 and 2.
The third entry describes a material that we have not as yet been abdle

to fabricate, as we said before, 0.5 mho/cm is »s high as wve've been a'le
to go with the high permeability ferrites. The fourth wnd final entr;
represents pure iron. We see that it is very thin, and that it sacr.fices
a very large proportion of the firing power. The iron also puts us on
shaky ground in regard to the spproximation wve made that our condui tors
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vere essentially perfect conductors. The conductivity of iron is
uncomfortably close o that of copper, so it is no longer valid to say
that the wave is guided by the copper wires. However, this is of no
consequence, since it is doubtful that we will be required to confine The
attenuator to such small dimensions as 50 microns. Unless we can find

a wvay to control the conductivity of iron, we have nc choice but to use

ferrites.

THE QUESTTON OF FIRING TIME

Any chemical reaction, including an explosion, requires a finite time
for its consummation, so there is & time delay inherent in any explosive
device. But we are concerned here with electrical delay vhich will
certainly be significant if we <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>